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Osteoarthritis is one of the most prevalent chronic joint diseases for middle-aged and
elderly people. But in recent years, the number of young people suffering from the
disease increases quickly. It is known that osteoarthritis is a common degenerative
disease caused by the combination and interaction of many factors such as natural and
environmental factors. DNA methylations reflect the effects of environmental factors.
Several researches on DNA methylation at specific genes in OA cartilage indicated
the great potential roles of DNA methylation in OA. To systematically investigate the
methylation pattern in knee and hip osteoarthritis, we analyzed the methylation profiles
in cartilage of 16 OA hip samples, 19 control hip samples and 62 OA knee samples. 12
discriminative methylation sites were identified using advanced minimal Redundancy
Maximal Relevance (mRMR) and Incremental Feature Selection (IFS) methods. The
SVM classifier of these 12 methylation sites from genes like MEIS1, GABRG3,
RXRA, and EN1, can perfectly classify the OA hip samples, control hip samples and
OA knee samples evaluated with LOOCV (Leave-One Out-Cross Validation). These
12 methylation sites can not only serve as biomarker, but also provide underlying
mechanism of OA.

Keywords: osteoarthritis, methylation, Support Vector Machine, minimal Redundancy Maximal Relevance,
Incremental Feature Selection

INTRODUCTION

Osteoarthritis is one of the most prevalent chronic joint diseases, characterized by the loss,
degeneration and calcification of articular cartilage (Im and Choi, 2013). It often occurs in middle-
aged and elderly people, and the incidence in females is significantly higher than that in males
(Rushton et al., 2014). Research shows that in recent years, with the quickening pace of life, the
number of young people suffering from the disease began to increase, ultimately resulting in
sustained growth in the social burden (den Hollander and Meulenbelt, 2015).

Despite the unremitting efforts of many scholars, the pathogenesis of osteoarthritis is still not
clear yet. Current studies indicate that osteoarthritis is a common degenerative disease caused by
the combination and interaction of many factors such as natural and environmental factors (Felson,
2004). The increase in age, damage of tissue and cell, obesity, the overuse of joints and genetic
susceptibility are known as OA major risk factors (Hunter et al., 2002).

Osteoarthritis mainly involves the cartilage of the weight-bearing joints, followed by the
synovium. At present, it is generally believed that the central part of OA mechanism is the
degeneration of articular cartilage, resulting from the imbalance between anabolism and catabolism
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in the cartilage extracellular matrix caused by mechanical and
biological factors (Martel-Pelletier et al., 2008). Since these
changes are reported to be caused by genetic changes in the
chondrocyte associated with the OA epigenetic mechanism, it’s
assumed that the epigenetic changes of chondrocytes may be a
key driver in osteoarthritis (Reynard and Loughlin, 2012).

Studies on epigenetic of OA have suggested that these
mechanisms is very significant during the onset and progression
of disease (Barter and Young, 2013). Despite the fact that
there exist many epigenetic mechanisms like DNA methylation,
miRNA and histone modifications (Aref-Eshghi et al., 2015),
the involvement of DNA methylation in OA pathophysiology
is the most studied subject (Rice et al., 2020; Sun et al.,
2020; Zhou et al., 2020). DNA methylation mainly occurs
at CpG dinucleotides, selectively adding a methyl group to
cytosine to form 5-methycytosine under the catalysis of DNA
methyltransferase (DNMT). DNA methylation is involved with
transcriptional inhibition by preventing the binding of proteins
to gene promoters and changing chromatin structure (Loeser,
2008). The changes of methylation status can accelerate the
development of OA (Miranda-Duarte, 2018). Thus, further
studies on the mechanisms involved in DNA methylation is
another way to develop new OA therapy strategies.

There have been several researches on DNA methylation
at specific genes in OA cartilage. For instance, the expression
of matrix metalloproteinase genes has been reported to be
upregulated in OA chondrocytes, resulting in extracellular
matrix degradation (Kevorkian et al., 2004). In addition, genes
associated with OA chondrocytes like GDF-5, SOX-9, DIO-
2, and ADAMTS-4 were also suggested to be differentially
expressed between OA cartilage and control group (Reynard
and Loughlin, 2012). It has also been reported that the IL1B
promoter is demethylated in articular chondrocytes as a response
to inflammatory cytokine signaling (Hashimoto et al., 2009).

OA happens in knees and hips mostly. But knee OA is more
common than hip OA. Although articular cartilage of hip and
knee joints have substantial similar characters and functions, the
disease progression and subsequent treatment may be different
between the two joints (Pereira et al., 2016). Transcriptomic
studies have indicated that genes dysregulated in hip and knee
OA have great difference (Loughlin and Reynard, 2015), so does
the methylation patterns in hip and knee OA samples (Rushton
et al., 2014). These findings highlight the importance of the
separation of OA researches from skeletal sites and help us
understand the cartilage homeostasis.

The cure for osteoarthritis is mainly to mitigate pain, improve
the function of the joints and avoid the side effects of the
treatment as far as possible. However, due to the slow progress
of osteoarthritis and the lack of sensitive detection methods
to identify early OA changes, it is difficult to find disease-
modifying drugs at present. Epigenetic markers mentioned above
can detect the phenotypes of various chondrocytes, including
articular cartilage homeostasis, chondrogenic differentiation and

Abbreviations: mRMR, minimal Redundancy Maximal Relevance; SVM,
Support Vector Machine; IFS, Incremental Feature Selection; DNMT, DNA
methyltransferase; LOOCV, Leave-One Out-Cross Validation; GEO, Transcript
Expression Omnibus.

the development of OA, which may provide new targets and
strategies for drug treatment of OA.

To systematically investigate the methylation pattern in knee
and hip osteoarthritis, we analyzed the methylation profiles in
cartilage of 16 OA hip samples, 19 control hip samples and
62 OA knee samples. 12 discriminative methylation sites were
identified based on minimal Redundancy Maximal Relevance
(mRMR) and Incremental Feature Selection (IFS). mRMR is
a widely used power feature selection method (Chen et al.,
2017b, 2018b, 2019c; Cai et al., 2018; Li and Huang, 2018; Li
et al., 2019a) which considers not only the relevance with OA
status but also the redundancy among methylation status. It can
identify a small but well performed methylation signature. What’s
more, an SVM (Support Vector Machine) (Chen et al., 2017c,
2019a,b,d; Sun et al., 2018; Li et al., 2019b; Pan et al., 2019) OA
classifier was built based on these 12 methylation sites and it
can perfectly classify the OA hip samples, control hip samples
and OA knee samples evaluated with LOOCV (Leave-One Out-
Cross Validation) (Chen et al., 2014; Zhang N. et al., 2015; Cheng
et al., 2016; Li et al., 2018; Wang and Huang, 2019). Although the
model needs to be validated on independent large dataset, these
12 methylation sites provided clues for the mechanisms of OA.

MATERIALS AND METHODS

The Cartilage DNA Methylation Profiles
of OA Hips, Control Hips and OA Knees
We downloaded the cartilage DNA methylation profiles of 16 OA
hip samples, 19 control hip samples and 62 OA knee samples
from publicly available GEO (Transcript Expression Omnibus)
database under accession number of GSE63695 (Rushton et al.,
2014). The DNA methylations were measured using Illumina
Human Methylation 450 Array. There were 4,82,421 probes
corresponding to methylation sites. The processed beta values
that were normalized with preprocess Funnorm function from R
package minfi were used for further analysis.

Identify the Representative OA
Methylation Sites
To identify the most discriminative features among different
groups, many analysis methods have been developed (Huang
et al., 2008; Cai et al., 2010; Zhang et al., 2012, 2016, 2017; Li et al.,
2014; Zhang P.W. et al., 2015; Chen et al., 2018a; Wang et al.,
2018). ANOVA (Analysis of Variance) is an obvious choice. But
such statistical methods don’t consider the relationship between
features, therefore a lot of redundant features will be selected.

In our study, the number of features, i.e., methylation sites,
was extremely large. Obviously, many of them were redundant.
To select the representative features, we adopted mRMR method
developed by Peng et al. (2005) to reduce redundancy of selected
genes. This method has been widely used and proven to be
very effective in handling high dimensional data (Niu et al.,
2013; Zhao et al., 2013; Zhou et al., 2015; Zhang et al., 2016;
Li and Huang, 2017; Liu et al., 2017). The C++ version
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mRMR program downloaded from http://home.penglab.com/
proj/mRMR/was used in this study.

Its idea is simple and clear. Let us use � to denote all the
4,82,421 methylation sites, �s to denote the selected m sites, and
�g to denote the n sites to be selected.

First, we evaluated the relevance of site g from �g with three-
class sample labels l (OA hips, control hips and OA knees) was
calculated with mutual information (I) equation (Sun et al., 2012;
Huang and Cai, 2013):

I(g, l) (1)

Meanwhile, the redundancy of site g with the m selected sites
gi (i = 1, 2, . . . , m) in �s can also be calculated based on mutual
information:

1
m

∑
gi∈�s

I(g, gi)

 (2)

The goal can be characterized as maximizing the function
which balances the relevance and redundancy:

max
gj∈�g

I (gj, l)− 1
m

∑
gi∈�s

I(gj, gi)

  (
j = 1, 2, . . . , n

)
(3)

Each time, one best site that maximized this function will be
moved from �g to �s. Eventually, all the sites will be ranked base
on their relevance with sample labels and redundancy between
each other. The ranked methylation sites from large to small can
be represented as:

S =
{
g′1, g

′
2, . . . , g

′
r, . . . , g

′
N
}

(4)

The top ranked methylation sites have better
discriminative ability.

To reduce the computational complexity, we focused on the
top 300 mRMR sites for further analysis which should be enough
to classify the samples and suitable as biomarkers.

Optimize the Discriminative Methylation
Sites for OA
Although we identified the non-redundant OA sites using
mRMR method, we still wanted to obtain the methylation site
combinations which can classify the OA hips, control hips and
OA knees. To do so, we applied a widely used optimization
method, IFS (Jiang et al., 2013; Li et al., 2014; Shu et al., 2014;
Zhang et al., 2014; Huang et al., 2015; Zhang P.W. et al., 2015;
Chen et al., 2017a).

Based on the ranked mRMR site list, each time, the top r sites{
g′1, g

′
2, . . . , g

′
r
}

were chosen to construct a SVM (Support Vector
Machine) classifier and its accuracy evaluated with LOOCV
(Chen et al., 2014; Zhang N. et al., 2015; Cheng et al., 2016;
Li et al., 2018; Wang and Huang, 2019) was recorded. SVM
is classical machine learning classifier with a wide range of
applications in biomedicine (Chen et al., 2017c, 2019b; Li et al.,
2018, 2019b; Sun et al., 2018; Pan et al., 2019). The R function svm
in package e10711 was used to apply the SVM method. LOOCV,

1https://CRAN.R-project.org/package=e1071

FIGURE 1 | The IFS curve of the number of methylation sites and their
classification accuracy. The x-axis was the number of methylation sites used
to construct the SVM classifier and y-axis was the classification accuracy of
the SVM classifier evaluated with (Leave-One Out-Cross Validation). When the
top 12 methylation sites were used, all samples can be perfectly classified.

as known as Jackknife test, is a widely used objective method to
evaluate the prediction performance of classifiers (Chou, 2011).
Each time, one sample was treated as test sample while the other
samples were used to train the model. At last, each sample had
been tested for once and the classes of all samples were predicted.
By comparing the predicted classes and actual classes, we can
calculate the LOOCV accuracy.

After 300 rounds, the performances of the 300 methylation
subsets were tested. By analyzing the number of used methylation
sites and the performance of corresponding classifier, we can
easily find the best methylation sites.

RESULTS AND DISCUSSION

The Representative OA Methylation Sites
In the OA methylation dataset, there were 4,82,421 features. On
one hand, the number of features was large; on the other hand,
there were redundancy among these methylation sites. To reduce
the number of features to a reasonable number for further study,
we adopted the mRMR method.

The methylation sites were ranked based on both their
relevance with the sample labels, i.e., OA hips, control hips or OA
knees, and their redundancy with each other. In other words, only
the methylation site that exhibited different pattern with already
selected sites will be selected from the candidate methylation site
pool. With the mRMR analysis, we identified the top 300 most
representative OA methylation sites.

The Discriminative Methylation Sites for
OA
Although the mRMR method considered the relevance between
features and sample labels, but it was balanced with redundancy.
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TABLE 1 | The 12 discriminative methylation sites for OA.

Rank Probe Chromosome Coordinate Gene mRMR score

1 cg09462924 2 66666470 MEIS1 0.943

2 cg22118147 5 172144013 - 0.263

3 cg18576667 15 27597409 GABRG3 0.328

4 cg07533951 12 114879558 - 0.284

5 cg14545975 9 137297213 RXRA 0.245

6 cg05877497 2 66667946 MEIS1 0.264

7 cg21811143 2 119599748 EN1 0.219

8 cg09989996 1 753376 FAM87B 0.235

9 cg19738283 2 176976802 HOXD10 0.244

10 cg02824888 12 115129011 - 0.226

11 cg04288999 2 66667852 MEIS1 0.238

12 cg00995986 2 66665428 MEIS1 0.214

We would like to find the methylation sites that can best classify
different OA samples. These sites not only should be concise, but
also have great discriminative ability.

To find the best discriminative methylation sites for OA, we
plotted the IFS results in Figure 1 in which, the x-axis was the
number of methylation sites and the y-axis was the LOOCV
accuracy of the SVM classifier based these sites. It can be seen that
when the top 12 mRMR sites was used, the ACC was the highest.
All samples were correctly classified. The 12 chosen methylation
sites were given in Table 1. The chromosome positions were from
Genome Build 37 (hg19). We must be cautious that this accuracy

needs to be validated on an independent large OA cohort. But
since there is no other similar dataset, we can only try our
best and evaluate it with objective LOOCV method. The results
provided clues about the difference between OA and control and
the difference between hip OA and knee OA and worth to be
further investigated.

To explore the methylation levels of the 12 sites in different
disease status, we plotted the heatmap of them in all samples
in Figure 2. It can be seen that OA hip were more similar with
OA knee than with control hip. The disease status surpassed
the tissue specificity. As for OA hip and OA knee, there
were nine highly methylated sites in OA knee (cg21811143,
cg19738283, cg00995986, cg09462924, cg05877497, cg04288999,
cg07533951, cg14545975, and cg02824888) while there were three
highly methylated sites in OA hip (cg18576667, cg22118147,
and cg09989996).

The Relationship Between the
Methylation Signature of Cartilage
Tissue and Gene Expression Signature of
Blood in OA
There have been studies of blood expression profiles of OA
(Ramos et al., 2014; Li et al., 2018). Ramos et al. identified 27
blood expression signature genes of OA (Ramos et al., 2014)
and Li et al. (2018) identified 23 blood expression signature
genes. By combining them, we obtain 46 blood expression
signature genes. There was no overlap between the 46 blood

FIGURE 2 | The heatmap of the 12 methylation sites in OA hips, control hips and OA knees. Each row corresponded to the scaled methylation level of one site and
each common corresponded to a sample which could be OA hip, control hip or OA knee. It can be seen that all samples were clustered into the right groups.
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FIGURE 3 | The relationship between the methylation signature of cartilage tissue and gene expression signature of blood in OA. We mapped the tissue methylation
signature genes (light yellow) and blood expression signature genes (light blue) onto the STRING network and found that MEIS1 was the hub of methylation signature
which can interact with the other three methylation genes (EN1, RXRA, and HOXD10) and the blood expression signature gene (MLLT6). Through RXRA, MEIS1 can
regulate a large cluster of blood expression signature genes.

expression signature genes and our cartilage tissue methylation
signature genes. But when we mapped them onto STRING
network2 (Szklarczyk et al., 2018), the network relationship
between tissue methylation genes and blood expression genes
(Figure 3) was clear. It can be seen that MEIS1 was the hub
of methylation signature which can interact with the other
three methylation genes (EN1, RXRA, and HOXD10) and the

2http://string-db.org, version: 11.0

blood expression signature gene (MLLT6). Through RXRA
and MEIS1 can regulate a large cluster of blood expression
signature genes.

The Biological Functions of the
Discriminative Methylation Sites for OA
In Table 1, we annotated the methylation sites to genes based on
their chromosome coordinates. Four of them were corresponding
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FIGURE 4 | The four methylation sites on the gene structure of MEIS1. MEISI is a long gene of 1,40,418 bps with 13 exons. The methylation sites cg00995986 and
cg09462924 located between exon 2 and exon 3 while cg04288999 and cg05877497 located between exon 4 and exon 5 in MEIS1. They were close on
chromosome position.

to the same gene, MEIS1 (Meis Homeobox 1). We checked
the consistency of these four MEIS1 methylation sites in OA
hips, control hips and OA knees in Figure 2 and we found
they shared similar pattern although they were not identical.
MEISI is a long gene of 1,40,418 bps with 13 exons. We
mapped the four methylation sites onto the gene structure
of MEIS1 (Figure 4). The methylation sites cg00995986 and
cg09462924 located between exon 2 and exon 3 while cg04288999
and cg05877497 located between exon 4 and exon 5. They
were close on chromosome position. There have been reports
that MEISI was associated with blood and epithelial cancers,
such as acute leukemia and skin cancer (Okumura et al.,
2014; Wang et al., 2014). As a transcription factor, MEISI can
bind chromatin DNA and regulate pluripotency of stem cells
(Okumura et al., 2014). It is generally considered as an oncogene
which accelerate development (Wang et al., 2014). There are no
reported associations between MEISI and osteoarthritis. MEISI
may serve as a novel OA biomarker, especially for distinguishing
the difference between hip OA and knee OA.

Another interesting methylation site was cg21811143 which
locate in EN1 (Engrailed Homeobox 1). It plays a role in
controlling development of the central nervous system (CNS)
(Webb et al., 2008) and segmentation course, where it is required
for the formation of posterior compartments (Lawrence and
Johnston, 1984). Recent studies have identified EN1 gene as
a decisive factor of bone mineral density (BMD) via whole-
genome sequencing (Zheng et al., 2015), while higher BMD was
considered to be involved with OA in many cross-sectional and
longitudinal epidemiological studies (Belmonte-Serrano et al.,
1993). SNP rs4144782 in EN1 was reported to be significantly
associated with increased risk of knee OA (OR = 1.26; 95% CI:
1.05–1.50, p-value = 0.012) (Li et al., 2017). What’s more, the
EN1 mRNA levels were differentially expressed between Knee
and hip Intra-articular adipose tissues (IAATs) and Subcutaneous
adipose tissue (SCAT) (Eymard et al., 2017). Its expression
was strongly decreased in all IAATs compared with SCAT
(Infrapatellar fat pad, IFP: 0.3-fold, p = 0.006; Suprapatellar fat
pad, SPFP: 0.2-fold, p = 0.006; and Acetabular fat pad, AFP: 0.3-
fold, p = 0.046) (Eymard et al., 2017). The genomic, methylation
and transcriptomic evidences of the association between EN1
and OA make it a strong candidate OA gene worth further
experimental validation.

GABRG3 and RXRA, were gamma-aminobutyric acid
(GABA) receptor and retinoid X receptor, respectively. Beside
autistic disorder (Menold et al., 2001) and Alzheimer’s disease
(Iwakiri et al., 2009), GABRG3 is associated with alcohol

dependence by affecting disinhibition and hyperexcitability of
CNS (Dick et al., 2004; Edenberg and Foroud, 2006). Maybe it
can also affect how OA patients feel about pain. For RXRA, its
methylation status was reported to be associated with childhood
bone mineral content (BMC) (Harvey et al., 2014).

The methylation sites that can’t be annotated to genes may
functions through trans-regulation (van Eijk et al., 2012). Their
roles can be investigated with integrative analysis of multi-omics
OA data in the future.

Another issue of this work was the small sample size. It
will overestimate the prediction performance. The confounding
factors and disease heterogeneity will be difficult to detect in such
small dataset. The signature needs to be validated on large cohorts
from different medical centers.

CONCLUSION

As a chronic joint disease, osteoarthritis is very common in elder
people. Even young people are more and more likely to have
OA symptoms due to the quickening pace of life. OA happens
in knees and hips mostly, but knee OA is more common than
hip OA. The disease progression and treatment of hip and knee
OA are different. Since the epigenetic factor plays key roles in
OA, we systematically analyzed the DNA methylation profiles of
cartilage from 16 OA hip samples, 19 control hip samples and
62 OA knee samples. With advanced feature selection methods,
12 OA discriminative methylation sites were selected from a total
of 4,82,421 sites. These sites corresponded to genes like MEIS1,
EN1, GABRG3, and RXRA. These results provided not only novel
OA biomarkers, but also possible mechanisms that worth further
investigation in an independent large cohort.
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Objectives: Colon cancer (CC) currently ranks as the third most common human
cancer worldwide with an increasing incidence and a poor prognosis. Recently, circular
RNAs have been reported to regulate the progression of diverse human cancers.
However, the role of circRNA hsa_circ_0020095 in CC remains largely unclear.

Methods: Expression levels of the related circRNAs, microRNAs and mRNA in CC
tissues and cells were determined. The impacts of circ_0020095 or miR-487a-3p on CC
cells were examined at the indicated times after transfection. Meanwhile, a luciferase-
reporter experiment was employed to validate the interplay between miR-487a-3p and
circ_002009695 or SOX9. Moreover, the in vivo tumor growth assay was applied to
further evaluate the effects of circ_0020095 knockdown on CC progression.

Results: We demonstrated that circ_0020095 was highly expressed in CC tissues
and cells. The proliferation, migration, invasion, and cisplatin resistance of CC were
suppressed by silencing circ_0020095 in vitro and in vivo or by ectopic expression of
miR-487a-3p in vitro. Mechanistically, circ_0020095 could directly bind to miR-487a-3p
and subsequently act as a miR-487a-3p sponge to modulate the activity by targeting
the 3′-UTR of SOX9. Interestingly, overexpression of circ_0020095 dramatically reversed
the suppressive effects of miR-487a-3p mimics on CC cells.

Conclusion: Circ_0020095 functions as an oncogene to accelerate CC cell
proliferation, invasion, migration and cisplatin resistance through the miR-487a-
3p/SOX9 axis, which could be a promising target for CC treatment.

Keywords: colon cancer, circ_0020095, miR-487a-3p, SOX9, proliferation

Abbreviations: CC, colon cancer; CCND1, cyclin D1; CircRNAs, circular RNAs; CRC, colorectal cancer; miRNAs,
microRNAs; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide; qRT-PCR, quantitative real-time PCR;
SH2B1, SH2B adaptor protein 1; SOX9, SRY-box transcription factor 9; T1D, type 1 diabetes; 5-FU, 5-fluorouracil.
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INTRODUCTION

Colon cancer (CC) is known as one of the most frequent digestive
cancers in the world with a high incidence and poor prognosis
(Weinberg and Marshall, 2019). Despite the huge progress of
therapeutic modalities, CC still ranks as the third primary cause
of tumor-associated death (Banerjee et al., 2017). At present, CC
incidence rises dramatically with age due to the accumulation
of random somatic mutations, and more than ninety percent of
CC cases occur after 50 years of age (Cappell, 2003). Multiple
therapeutic options, including surgical removal, radiotherapy
and chemotherapy, can be used for the treatment of CC patients.
The mortality of CC has been decreased by more than 30%
in recent decades (Howe et al., 2006). Nevertheless, the 5-year
survival rate of CC patients at advanced stages is still only
approximately 10%, which is mainly related to the multidrug
resistance to chemotherapy drugs in advanced patients (Wang
et al., 2014). In addition, recurrence has been observed in a
substantial proportion of advanced CC patients after surgery
(Gerner et al., 2018; Weinberg and Marshall, 2019). Therefore,
it is essential to better understand the molecular mechanisms of
CC to develop more effective approaches for the treatment of CC.

It is generally known that only approximately two percent
of the human genome possesses protein-coding capacity, and
most transcripts are generated as non-coding RNAs, which used
to be considered transcriptional noise (Yang et al., 2019). As
one of the most common subtypes, circular RNAs (circRNAs),
which have a stable circular structure, were recently found to be
widely expressed in mammalian cells (Qu and Adelson, 2012).
Since the first report was published, circRNAs have been found
to play a role in various cellular physiological processes, such
as cell proliferation, apoptosis and differentiation (Holdt et al.,
2018; Patop and Kadener, 2018). Dysregulation of circRNA
expression has been observed in multiple human diseases, such
as cancers, neurodegenerative disorders, and metabolic diseases
(Haque and Harries, 2017). Recently, a number of circRNAs have
been reported to contribute to the progression of CC (Ju et al.,
2019). However, the pathogenesis of CC is still not completely
understood. Circ_0020095 originates from the ATRNL1 gene and
consists of the head-to-tail splicing of exons 9–18. It is a novel
circRNA that was identified to be dysregulated in CC tissues in a
microarray analysis (Zhang et al., 2019). Its functional role in CC
remains undetermined.

Other studies have also elucidated that circRNAs suppress the
inhibitory effects of miRNAs on target RNAs by competitively
binding miRNAs (Militello et al., 2016). This competitive
relationship represents a novel mechanism of gene regulation
that has a major role in the physiology and development of
cancer (Kulcheski et al., 2016). In our preliminary experiments,
we screened and identified five potential target miRNAs and
found that the level of miR-487a-3p was significantly regulated
by circ_0020095 in CC cells. Therefore, we speculated that
circ_0020095 may influence the CC process by regulating miR-
487a-3p. MicroRNAs (miRNAs) can be widely involved in
a variety of biological processes, such as cell differentiation,
proliferation, apoptosis and metastasis, by translation inhibition
or direct degradation of mRNAs to negatively regulate specific

target genes (Hammond, 2015; Peng and Croce, 2016). Currently,
an increasing number of miRNAs, such as miR-193a (Teng
et al., 2017), miR-137 (Sakaguchi et al., 2016), miR-34a (Bu
et al., 2016) and miR-143 (Gomes et al., 2018), have been
found to be associated with the occurrence and development
of CC by promoting or preventing the malignant biological
behavior of CC. MiRNAs are expected to become novel markers
for the diagnosis, treatment and prognosis of CC (Slattery
et al., 2018). Studies have demonstrated that miR-487a-3p is
a vital biomolecule regulating prostate cancer, breast cancer
and other cancers (Yang et al., 2018; Wang et al., 2019). SRY-
box transcription factor 9 (SOX9), as a chemoradiotherapy-
sensitive gene in colorectal cancer patients, could be a suitable
biomarker to predict the relapse after the treatment (Du et al.,
2019). In human non-small cell lung cancer, miR-592 functions
as a tumor suppressor by targeting SOX9 (Li et al., 2017).
Therefore, we speculated that miR-487a-3p might also be a
crucial therapeutic target for CC.

In this study, we aimed to investigate the biological
functions of circ_0020095/miR-487a-3p and further elucidate the
underlying molecular mechanisms in CC which may become a
promising therapeutic target for CC patients.

MATERIALS AND METHODS

Collection of CC Tissues and Cell Lines
Twenty CC tissues and their paired normal tissues were
obtained from patients who received treatment at Shandong
Cancer Hospital and Institute between 2013 and 2018, and
written informed consent was obtained from every patient.
This study was approved by the ethics committee of Shandong
Cancer Hospital and Institute. A healthy human colon cell
line (NCM460) and CC cell lines (HT29, SW480, SW620,
and HCT116) were provided by the Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China). Cells
were cultured in RPMI-1640 medium (HyClone, United States)
containing 10% fetal bovine serum (FBS) and kept at 37◦C in a
cell incubator with 5% CO2 and 95% air.

RNA Extraction and Quantitative
Real-Time PCR (RT-PCR) Assay
RNA extraction from CC tissues and cells was carried out
using TRIzol reagent (Invitrogen, United States) following the
manufacturer’s instructions. After the concentration of RNA
was determined via a NanoDrop 2000c (Thermo Scientific,
United States), 3 µg of RNA was used as template to produce
cDNA using a Bestar qPCR RT kit (DBI Bioscience, China). The
RT-PCR of circRNAs, miRNAs and mRNAs was completed using
Bestar qPCR MasterMix (DBI Bioscience) on an ABI 7500 system
(ABI Biosystems, United States). The sequences of the primers
used in this study are shown in Table 1.

RNase R Resistance Analysis
Circ_0020095 and its linear isoform were incubated at 37◦C with
RNase R (5 U/mg, Epicenter) for half an hour. Subsequently, the
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TABLE 1 | All primers of qRT-PCR analysis used in the current study.

Gene Primers

Forward (5′-3′) Reverse (5′-3′)

GAPDH
Circ_0020095
MiR-487a-3p
SOX9
miR-485-3p
miR-338-3p
miR-656-3p
miR-660-5p
U6

TGTTCGTCATGGGTGTGAAC
GCTTATTGGAATGCACCACA
AATCATACAGGGACATC
AGGAAGTCGGTGAAGAACGG
CCGCTCGAGATGCGGCTT
TGGG AAGC
TGCGGTCCAGCATCAGTGAT
ACACTCCAGCTGGGAAT
ATTATA CAGTCA
TACCCATTGCATAT
CGGAGTTG
CTCGCTTCG GCAGCACA

ATGGCATGGACTGTGGTCAT
GTTTCTGGAACAAGC
CAAGTG
TGCGTGTCGTGGAGTC
CGCCTTGAAGATGGCGTTG
CGGGGTACCAAGATGCTT
CTA GATGCCC
CCAGTGCAGGGTCCGAGGT
CTCAACTGGTGTCGTGGA
GTCG
GCAATTCAGTTGAGAGA
GGUUG
GTGCAGGGTCCGAGGT
AACGCTTCACGAATTTGCGT

treated RNAs were reverse transcribed with the indicated primers
and analyzed by qRT-PCR.

Fluorescence in situ Hybridization (FISH)
Biotin-labeled specific RNA probe of circ_0020095 was obtained
from RiboBio (Shanghai, China). Exponentially growing HT29
cells were collected and fixed in 4% formalin and then hybridized
in hybridization buffer containing biotin-labeled circ_0020095.
Signals were detected via a tyramide-conjugated Alexa 488
fluorochrome TSA kit.

RNA Transfection
Two specific siRNAs against circ_0020095 (siRNA#1 and
siRNA#2) and a negative control (siRNA-NC) and a miR-487a-3p
mimics, inhibitor and miR-NC were all synthesized by RiboBio
(Shanghai, China). Transfection into HT29 and SW480 cells was
carried out using Lipofectamine 3000 (Invitrogen) following the
manufacturer’s protocol.

Cell Counting Kit-8 (CCK-8) Assay
Cell Counting Kit-8 (Dojindo, Rockville, MD, United States)
reagent was added to HT29 and SW480 cells to determine cell
proliferation. In brief, 2× 104 HT29 and SW480 cells were seeded
into 96-well plates. After 24 h of culture, 10 µl CCK-8 solution
was added into each well and incubated for 10 min. Subsequently,
absorbance was measured at 450 nm.

Cisplatin Treatment
Treated HT29 and SW480 cells were collected at exponential
growth phase and seeded into 96-well plates, followed by
incubation with cisplatin (0, 5, 10, 15, and 25 µg/ml) for the
indicated times. Then, cell proliferation activity was examined by
the CCK-8 assay.

Colony Formation Assay
Treated HT29 and SW480 cells were collected at exponential
growth phase and seeded into 96-well plates at a concentration
of 2 × 104 cells per well. After 2 weeks of culture at 37◦C, visible

colonies were fixed in 4% paraformaldehyde followed by staining
with Giemsa solution. The number of colonies in both the control
and experimental groups was counted under a microscope at
10×magnification.

Cell Apoptosis Analysis (Flow Cytometry
Analysis)
Treated HT29 and SW480 cells were collected at exponential
growth phase and seeded into 96-well plates at a concentration
of 2 × 104 cells per well. After staining with propidium iodide
and Annexin V, HT29 and SW480 cells were subjected to cell
apoptosis using a flow cytometer (FACScan, United States), and
the results were analyzed by CELL Quest 3.0 software.

Wound-Healing Assay
Treated HT29 and SW480 cells were harvested and seeded into
35-mm dishes at a concentration of 1 × 103 cells per well and
cultured at 37◦C until confluence. A straight scratch was made on
the cell surface using a sterile pipette tip. Images were taken 0 and
24 h after scratching, and the width of the scratch was measured
under a microscope.

Transwell Assay
Transwell chambers coated with or without Matrigel matrix (BD
Bioscience, United States) were employed to estimate the cell
migration and invasion of HT29 and SW480 cells. Treated HT29
and SW480 cells were harvested and resuspended in culture
medium to a final concentration of 1 × 105 cells/ml. The upper
chamber was filled with 200 µl of cell suspension, and the
lower chamber was filled with 500 µl FBS-containing culture
medium. After 24 h of incubation at 37◦C, migratory and invasive
CC cells were fixed with 70% ethanol and stained with crystal
violet. The number of migratory and invasive cells was counted
under a microscope.

Dual Luciferase Reporter Assay
Circ_0020095 sequence containing wild-type (WT) or mutated
(MUT) miR-487a-3p binding site was synthesized and inserted
into the pmirGLO Dual-luciferase miRNA Target Expression
Vector (Promega, WI, United States). The recombinant reporter
plasmid was named circ_0020095-WT or circ_0020095-MUT.
circ_0020095-WT or circ_0020095-MUT was cotransfected with
miR-487a-3p or miR-NC into HT29 and SW480 cells using
Lipofectamine 3000 (Invitrogen, United States). Luciferase
activities of HT29 and SW480 cells were measured after
48 h of cotransfection by using the Luciferase Reporter
Assay System (Promega, WI, United States). Similar to the
above, a SOX9 sequence containing the WT or MUT miR-
487a-3p binding site was amplified and subcloned into the
pmirGLO vector to generate SOX9-WT or SOX9-MUT reporter
plasmid. The transfection procedure was carried out as
described above.

In vivo Tumor Growth Assay
HT29 cells stably expressing circ_0020095 siRNAs or si-NC were
harvested and resuspended in culture medium at a concentration
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of 2 × 105 cells/ml. Next, 200 µl HT cell suspension was
inoculated into the right flanks of nude mice (male, 8 weeks old).
Animals were obtained from the University of Jinan-Shandong
Academy of Medical Sciences. Animal manipulations were
approved by the Institutional Animal Care and Use Committee
of the Hospital. Tumor volume and weight were examined every
week until 4 weeks after inoculation.

Statistical Analysis
Data in this study are shown as the means ± standard deviation
(SD) and were analyzed with SPSS (version 20.0, SPSS, Chicago,
United States). The significance of the difference between the
control and experimental groups was estimated via Student’s t
test, and P less than 0.05 was considered statistically significant.

RESULTS

Circ_0020095 Was Identified to Be
Increased in CC
A previous study identified 334 dysregulated circRNAs in CC
tissues by microarray analysis; and we focus on the top 11
upregulated circular RNAs that may involve in the carcinogenesis
of CC (Zhang et al., 2019). Figure 1A indicates their genome
location. In our cohort, we randomly selected 6 paired CC tumor
tissues and adjacent normal tissues and tested the expression
of these 11 circular RNAs, and we found that circ_0020095
was the most dysregulated circRNA between the CC tumor
tissues and paired normal tissues (Figure 1B). Circ_0020095
originates from the ATRNL1 gene and consists of the head-to-
tail splicing of exons 9–18, and Sanger sequencing was used
to validate its circular structure (Figure 1C). Convergent and
divergent primers were designed to amplify linear and circular
RNA isoforms based on templates of cDNA and gDNA extracted
from three CC tissues and HT29 and SW480 cell lines using
semiquantitative PCR. The results indicated that convergent
primers could only amplify linear RNAs (the band close to
200 bp) in the cDNA and gDNA groups while circ_0020095
(the band close to 500 bp) could only be produced in the
cDNA group but not in the gDNA group by divergent primers
(Figure 1D). Moreover, in HT29 and SW480 cells, we found that
the circular isoform was resistant to RNase R treatment, while
the linear isoform was clearly digested by RNase R (Figure 1E).
In addition, the FISH assay indicated that circ_0020095 was
predominantly located in the cytoplasm, while its isoform
was located in both the cytoplasm and nucleus (Figure 1F).
Two siRNAs (siRNA#1 and siRNA#2) against circ_0020095
were synthesized to silence the expression of circ_0020095 in
HT29 and SW480 cells (Figure 1G). Northern blots analysis of
circ_0020095 indicated that siRNA#1 and siRNA#2 transfection
resulted in a significant downregulation of circ_0020095 in
HT29 and SW480 cells (Figures 1H,I). Subsequently, we found
that circ_0020095 was significantly increased in four CC cell
lines, HT29, SW480, SW620, and HCT116, compared to the
healthy human colon cell line NCM460 (Figure 1J). We further
verified its upregulation in 20 CC tissue samples compared

to matched normal samples through qRT-PCR (Figure 1K).
In addition, we revealed that circ_0020095 expression was
higher in metastatic CC tissues than in non-metastatic tissues
(Figure 1L). These results suggested that circ_0020095 was
increased in CC, indicating that it might be involved in the
pathogenesis of CC.

Silencing of Circ_0020095 Suppressed
CC Cell Growth in vitro
To investigate the functions of circ_0020095 in CC, siRNA#1
and siRNA#2 were stably transfected into HT29 and SW480
cells, followed by analysis of cell proliferation, apoptosis,
migration, and invasion. The CCK-8 assay indicated that
circ_0020095 knockdown remarkably reduced the viability of
HT29 and SW480 cells (Figure 2A). The results from the
colony formation assay showed a significant downregulation
of the colony formation rate of the siRNA pool groups
compared to the si-NC groups (Figure 2B). The soft agar
colony formation assay also revealed an inhibition of colony
numbers in siRNA pool-transfected HT29 and SW480 cells
(Figure 2C). On the other hand, circ_0020095 silencing was
demonstrated to cause a dramatic increase in the apoptosis of
HT29 and SW480 cells (Figure 2D). The effects of circ_0020095
knockdown on cell migratory capacity were assessed through
transwell and wound-healing experiments in HT29 and SW480
cells. The results showed that the migratory capacity of HT29
and SW480 cells was dramatically suppressed in the siRNA
pool group compared to the si-NC group (Figures 2E,F).
Moreover, by using a Matrigel-coated transwell chamber, we
demonstrated that circ_0020095 knockdown resulted in a
significant decrease in the number of invasive HT29 and SW480
cells (Figure 2G). To explore the role of circ_0020095 in the
chemoresistance of CC cells, HT29 and SW480 cells were treated
with different concentrations of cisplatin followed by viability
examination using the CCK-8 assay. In the presence of different
concentrations of cisplatin (0, 5, 10, 15, and 25 µg/ml), the
viability of HT29 and SW480 cells that were transfected with
the siRNA pool was markedly suppressed compared to that of
cells transfected with si-NC (Figure 2H). Moreover, we found
that the viability of HT29 and SW480 cells treated with the
siRNA pool was significantly attenuated after 24 and 48 h of
cisplatin treatment (5 µg/ml) (Figure 2I). Overall, silencing
of circ_0020095 was demonstrated to inhibit CC cell growth
in vitro.

Circ_0020095 Acted as a Sponge of
miR-487a-3p
To determine whether circ_0020095 could sponge miRNAs in
CC cells, we selected five candidate miRNAs by overlapping the
results of the predicted miRNA binding sites in the circ_0020095
sequence by StarBase and Circular RNA interactome (Figure 3A).
We then examined whether the identified miRNAs could directly
bind circ_0020095. A specific biotin-labeled circ_0020095
probe was designed and used to pull down circ_0020095
in HT29 and SW480 cells. The pulldown efficiency was
dramatically increased in HT29 and SW480 cells with stable
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FIGURE 1 | Circ_0020095 was determined to be increased in CC. (A) Location of upregulated circRNAs in CC tissues. (B) qRT-PCR analysis of 11 circRNAs in six
paired CC tissues. (C) Schematic diagram of the genomic position and formation of circ_0020095. Sanger sequencing was used to examine the back-splice
junction of circ_0020095. (D) Circ_0020095 was examined using semiquantitative PCR with divergent and convergent primers in cDNA and gDNA extracted from
CC tissues and cell lines (HT29, SW480, and SW620). GAPDH was used as a linear RNA control. (E) qRT-PCR validation of circ_0020095 and linear mRNA was
performed in HT29 and SW480 cells in the presence of RNase R. (F) The distribution of circ_0020095 in HT29 cells was detected using FISH, and DAPI was used to
stain the nucleus. (G) Two siRNAs (siRNA#1 and siRNA#2) were designed to target the back-splice junction of circ_0020095, and siRNA-NC (si-NC) was used as a
negative control. (H,I) Circ_0020095 expression in HT29 and SW480 cells transfected with si-NC, siRNA#1, and siRNA#2 was measured with Northern blots.
(J) Expression level of circ_0020095 in four CC cell lines, HT29, SW480, SW620, and HCT116. NCM460 was used as the control group. (K) Circ_0020095
expression in 20 pairs of CC and normal tissues was tested by qRT-PCR. (L) Circ_0020095 expression in metastatic and non-metastatic CC tissues. JI : divergent
primers IJ : convergent primers. *P < 0.05, **P < 0.01, ***P < 0.001.

circ_0020095 overexpression (Figures 3B,C). After pulldown,
miRNAs were isolated, and the five candidate miRNAs
were analyzed via qRT-PCR. The results indicated that in
both HT29 and SW480 cells, miR-487a-3p, and miR-338-
3p were abundantly pulled down by the circ_0020095 probe
(Figures 3D,E). On the other hand, we found a significant
upregulation of circ_0020095 in HT29 and SW480 cells treated
with biotin-labeled miR-487a-3p wt compared to those cells
treated with biotin-labeled miR-487a-3p mut (Figure 3F). We
further performed a luciferase reporter assay to determine
whether miR-487a-3p directly interacts with circ_0020095
(Figure 3G). HT29 and SW480 cells cotransfected with miR-
487a-3p mimics and a circ_0020095 wt reporter plasmid

exhibited reduced luciferase activity (Figures 3H,I). These
findings suggested that circ_0020095 acted as a sponge of miR-
487a-3p in CC cells.

Transfection of miR-487a-3p Suppressed
CC Cell Growth in vitro
Kaplan-Meier analysis indicated that CC patients with low miR-
487a-3p expression exhibited a worse prognosis (Figure 4A).
By analyzing the expression level of miR-487a-3p with qRT-
PCR, we revealed that miR-487a-3p was significantly decreased
in both CC tissues and cell lines (HT29, SW480, SW620, and
HCT116) compared to normal tissues and the NCM460 cell line,
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FIGURE 2 | Silencing of circ_0020095 suppressed CC cell growth in vitro. (A) The viability of HT29 and SW480 cells was determined after 0, 24, and 48 h of si-NC
and siRNA pool transfection. After 24 h of si-NC and siRNA pool transfection, HT29 and SW480 cells were subjected to (B) colony formation, (C) soft agar and (D)
flow cytometry assays. (E) Transwell and (F) wound-healing experiments were performed to detect the migratory ability of HT29 and SW480 cells transfected with
si-NC or the siRNA pool. (G) The impact of circ_0020095 knockdown on the invasive capacity of HT29 and SW480 cells was estimated. (H) MTT was used to
assess the viability of circ_0020095-silenced HT29 and SW480 cells treated with different concentrations of cisplatin (0, 5, 10, 15, and 25 µg/ml, 24 h). (I) After 0,
12, 24, and 48 h of cisplatin (5 µg/ml) treatment, the viability of circ_0020095-silenced HT29 and SW480 cells treated with cisplatin was detected. *P < 0.05,
**P < 0.01, ***P < 0.001.

respectively (Figures 4B,C). Next, we estimated the effects of
miR-487a-3p overexpression on cell proliferation, invasion and
migration. In the colony formation assay, we observed that miR-
487a-3p transfection resulted in a significant suppression of the
colony formation rate of HT29 and SW480 cells (Figure 4D).
Similarly, miR-487a-3p transfection also caused a decrease in the
soft agar colony number of HT29 and SW480 cells (Figure 4E). In
the transwell assay, we found that miR-487a-3p transfection led
to a dramatic suppression of the invasive and migratory abilities
of HT29 and SW480 cells compared to miR-NC transfection
(Figures 4F,G). In addition, we also investigated the role of
miR-487a-3p in the cisplatin resistance of CC cells. The results
indicated that miR-487a-3p transfection significantly enhanced
the sensitivity of HT29 and SW480 cells to 15 and 25 µg/ml
cisplatin compared to the miR-NC transfection (Figures 4H,I).
Moreover, the viability of HT29 and SW480 cells was found to
be significantly attenuated by overexpressing miR-487a-3p after

24 and 48 h of 5 µg/ml cisplatin treatment (Figures 4J,K).
These results demonstrated that miR-487a-3p overexpression
remarkably suppressed CC cell growth in vitro.

miR-487a-3p Repressed SOX9
Expression by Directly Binding Its 3′UTR
To determine the target gene of miR-487a-3p in CC cells,
we selected two candidate genes, SOX9 and TMEM178B, by
overlapping the results of TargetScan, miRDB and miRMap
analyses (Figure 5A). To confirm whether miR-487a-3p
physically interacts with these two candidate genes, dual-
luciferase reporter assays were carried out in HT29 and SW480
cells. The results indicated that the luciferase activity of CC
cells was dramatically attenuated after cotransfection with miR-
487a-3p and the SOX9 plasmid but not with the TMEM178B
plasmid (Figures 5B,C). We further validated the interaction
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FIGURE 3 | Circ_0020095 acted as a sponge of miR-487a-3p. (A) StarBase (v3.0) and Circular RNA interactome were used to predict the target miRNAs of
circ_0020095. (B,C) Lysates of vector- or circ_0020095-transfected HT29 and SW480 cells were subjected to RNA pulldown using a specific circ_0020095 probe,
followed by RT-PCR and qRT-PCR. (D,E) Relative expression levels of miR-485-3p, miR-487a-3p, miR-338-3p, miR-656-3p, and miR-660-5p in HT29 and SW480
lysates pulled down by the circ_0020095 probe or oligo probe. (F) Circ_0020095 expression in HT29 and SW480 cells captured by biotin-miR-487a-3p wt or
biotin-miR-487a-3p mut. (G) Schematic of circ_0020095-WT and circ_0020095-MUT luciferase reporter vectors. (H,I) A luciferase reporter assay was performed in
HT29 and SW480 cells to validate the interaction between circ_0020095 and miR-487a-3p. *P < 0.05, **P < 0.01, ***P < 0.001.

between miR-487a-3p and SOX9 using SOX9 wt and SOX9 mut
reporter plasmids (Figure 5D). The luciferase activity of HT29
and SW480 cells driven by SOX9 wt was obviously reduced by
miR-487a-3p, while the luciferase activity driven by SOX9 mut
was not affected by miR-487a-3p transfection (Figures 5E,F).
In addition, a significant downregulation of SOX9 mRNA and
protein levels was observed in miR-487a-3p-overexpressing
HT29 and SW480 cells (Figures 5G,H). These findings suggested
that miR-487a-3p could suppress the expression of SOX9 in
HT29 and SW480 cells by directly binding to SOX9.

Circ_0020095 Promotes Oncogenesis of
Colon Cancer by Sponging Multiple
miRNAs
Due to the association of circ_0020095 and miR-487a-3p in
CC, we next investigated whether circ_0020095 could abolish

the inhibitory effects of miR-487a-3p on SOX9 expression
and CC cell proliferation, invasion and migration. The results
from qRT-PCR and western blot experiments indicated that
miR-487a-3p-induced downregulation of SOX9 mRNA and
protein was abolished by the cotransfection of miR-487a-3p
and circ_0020095 in HT29 and SW480 cells (Figures 6A–
C). In the colony formation assay, we observed that ectopic
expression of circ_0020095 in HT29 and SW480 cells restored
the cell proliferation activity suppressed by miR-487a-3p
(Figure 6D). Moreover, by using a transwell assay, we found
that circ_0020095 transfection in HT29 and SW480 cells could
restore the cell invasion and migration abilities, which were
suppressed by overexpression of miR-487a-3p (Figures 6E,F).
These results indicated that circ_0020095 could regulate CC cell
proliferation, migration and invasion by sponging miR-487a-
3p. To further confirm that circ_0020095 serves as a modulator
of CC tumorigenesis by sponging multiple miRNAs, we also
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FIGURE 4 | Transfection of miR-487a-3p suppressed CC cell growth in vitro. (A) Kaplan-Meier analysis of the prognosis of CC patients with high or low
miR-487a-3p expression. (B) Relative expression level of miR-487a-3p in CC tissue samples and matched normal samples. (C) Relative expression level of
miR-487a-3p in CC cell lines HT29, SW480, SW620, and HCT116. NCM460 was used as a control. After 24 h of miR-NC and miR-487a-3p mimic transfection,
HT29 and SW480 cells were subjected to analysis of proliferation, invasion and migration through (D) colony formation, (E) soft agar (F,G) and transwell assays. (H,I)
The viability of HT29 and SW480 cells transfected with miR-487a-3p or miR-NC was detected in the presence of various concentrations of cisplatin (0, 5, 10, 15,
and 25 µg/ml). (J,K) After 0, 12, 24, and 48 h of cisplatin (5 µg/ml) treatment, the viability of HT29 and SW480 cells treated with miR-487a-3p or miR-NC was
detected. *P < 0.05, **P < 0.01, ***P < 0.001.

showed that circ_0020095 regulated Met expression through
miR-338-3p (Supplementary Figure 1). These data indicated
that circ_0020095 promotes tumorigenesis of CC by sponging
multiple miRNAs.

Silencing of Circ_0020095 Suppressed
CC Tumor Growth in vivo
To further examine whether circ_0020095 silencing could inhibit
CC tumor growth in vivo, HT29 cells stably transfected with
an siRNA pool or si-NC were inoculated into nude mice.
Xenograft tumors were examined 4 weeks after inoculation.
The results showed that the tumor volumes and weights in
the siRNA pool-transfected group were dramatically decreased

than those in the si-NC group (Figures 7A–D). The expression
levels of miR-487a-3p and circ_0020095 were determined in
the xenograft tumors collected from the siRNA pool and si-NC
groups. Compared to that in the si-NC group, the expression level
of miR-487a-3p was remarkably upregulated, while circ_0020095
was significantly downregulated, in the siRNA pool group
(Figures 7E,F). Moreover, by using IHC analysis, we found
that the staining intensity of SOX9 was obviously weaker in
the tumor sections of the siRNA pool group than in those of
the si-NC group (Figure 7G). In addition, in xenograft tumors,
a negative correlation was observed between the expression
levels of miR-487a-3p and circ_0020095 or SOX9 (Figures 7H,I),
while a positive correlation was revealed between the expression
levels of circ_0020095 and SOX9 (Figures 7J,K). These results

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 January 2021 | Volume 8 | Article 60486922

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-604869 January 12, 2021 Time: 16:19 # 9

Sun et al. Circ_0020095 Functions via the miR-487a-3p/SOX9

FIGURE 5 | miR-487a-3p repressed SOX9 expression by targeting it. (A) TargetScan, miRDB, and miRMap were used to identify the target genes of miR-487a-3p.
(B,C) The interaction between miR-487a-3p and SOX9 or TMEM178B was determined by dual-luciferase reporter assay. (D) Schematic of SOX9-WT and
SOX9-MUT luciferase reporter vectors. (E,F) Luciferase reporter validation in HT29 and SW480 cells cotransfected with miR-487a-3p mimics and the SOX9-WT or
SOX9-MUT plasmid. (G) Relative mRNA and (H) protein expression of SOX9 in HT29 and SW480 cells transfected with miR-NC or miR-487a-3p. *P < 0.05,
**P < 0.01, ***P < 0.001.

demonstrated that silencing circ_0020095 suppressed CC tumor
growth in vivo.

DISCUSSION

Hsa_circ_0020095 was abundantly expressed in CC tissues and
CC cell lines. Via in vitro and in vivo experiments, we have found
that circ_0020095 promotes the proliferation, migration and
invasion activities in CC, while the circ_0020095/ miR-487a-3p
sponge structure alleviates these activities in CC. Meanwhile, the
expression of SOX9 was in line with the effects by circ_0020095
and circ_0020095/ miR-487a-3p sponge structure.

CircRNAs widely exist in the eukaryotic transcriptome
and are involved in the modulation of gene expression;
therefore, circRNAs have been a research hotspot in recent
decades. Circ_0020095 is encoded by the ATRNL1 gene, which
might play a role in the melanocortin cascade that modulates
energy homeostasis (Stark et al., 2010). The involvement

of circRNAs in the initiation and development of human
cancers has been well demonstrated by in vitro and in vivo
evidence (Meng et al., 2017). Whether circ_0020095 can affect
the progression of CC remains undetermined. Therefore,
investigating circRNA regulatory mechanisms to cancer
progression will provide insights into future tumor prevention
and therapy strategies.

Many circRNAs have been reported in CC thus far. For
example, circRNA CCDC66 is identified to be strongly increased
in the colon and associated with a poor prognosis. Gain-
and loss-of-function studies show that it could promote CC
cell growth and metastasis (Hsiao et al., 2017). Similarly,
circ_000984 is strongly increased in CC, and its knockdown
results in suppression of CC cell proliferation, migration and
invasion in vivo and in vitro (Xu et al., 2017). Moreover,
hsa_circ_0136666 is highly expressed in CRC and the silence of
hsa_circ_0136666 regulates the proliferation and migration
of colorectal cancer (CRC) cells by sponging miR-136,
thus modulating the expression of SH2B adaptor protein 1
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FIGURE 6 | Circ_0020095 abolished the suppressive effects of miR-487a-3p on CC. (A) Relative mRNA and (B,C) protein expression levels of SOX9 in HT29 and
SW480 cells were measured after 24 h of transfection with miR-487a-3p alone or together with circ_0020095. HT29 and SW480 cells were transfected with
miR-NC, miR-487a-3p, miR-NC+circ_0020095 or miR-487a-3p+circ_0020095. After 24 h of transfection, these groups of cells were subjected to (D) cell
proliferation, (E) invasion, and (F) migration assays. *P < 0.05, **P < 0.01, ***P < 0.001.

(SH2B1) (Jin et al., 2019). In accordance with our findings,
circ_0020095 was identified to be strongly upregulated in CC
tissues and cell lines (HT29 and SW480). After silencing of
circ_0020095 with siRNA, CC cell proliferation, migration and
invasion were significantly reduced, while the apoptosis was
dramatically increased in HT29 and SW480 cells. Similarly, the
silence of hsa_circ_0007534 by siRNA remarkably reduces the
proliferation and increases apoptosis of CRC cells (Zhang et al.,
2018). Moreover, we have found that the cisplatin resistance
of circ_0020095 was in a dose- and time-dependent manner
(Figures 2H,I). Accumulating evidence has proved that the
dysregulation of circRNAs is correlated with drug resistance in
various tumors (Hua et al., 2019). Taking CRC as an example,
the upregulated hsa_circ_0000504 promotes 5-fluorouracil
(5-FU) resistance by modulating the circRNA/miR-485-
5p/STAT3/AKT3/BCL2 signaling pathway (Xiong et al., 2017).
Taken together, these findings substantiated that circ_0020095
exerted oncogenic effects on CC.

In terms of the mechanism, we chose miR-487a-3p as
a potential target miRNA of circ_0020095 by bioinformatics

prediction analysis. By searching the literature, we found that
miR-487a-3p was only reported in a few studies. In 2018,
miR-487a-3p is identified as a lymph node metastasis-associated
miRNA in The Cancer Genome Atlas lung adenocarcinoma
patient cohort, and a high level of miR-487a-3p was demonstrated
to be related to a worse prognosis (Gonzalez-Vallinas et al., 2018).
In the same year, miR-487a-3p is revealed to be overexpressed
in type 1 diabetes (T1D) by using microarray analysis in the
peripheral blood samples of T1D pediatric patients, however,
a functional study is not performed (Zurawek et al., 2018).
Recently, miR-487a-3p is found to function as a novel tumor
repressor in prostate cancer by targeting cyclin D1 (CCND1)
(Wang et al., 2020). However, a low level of miR-487a-3p
is linked to a high metastasis rate and poor prognosis by
targeting SMAD7 in pancreatic cancer tissues (Zhou et al.,
2020). To the best of our knowledge, the role of miR-487a-
3p in CC has not been reported until now. Through a
dual-luciferase reporter assay, we confirmed that in CC cells,
circ_0020095 directly binds to miR-487a-3p as a sponge structure
which directly targets the 3′-UTR of SOX9 by comparing
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FIGURE 7 | Silencing of circ_0020095 suppressed CC tumor growth in vivo. HT29 cells stably transfected with si-NC or the siRNA pool were transferred into
BALB/c nude mice. (A) Representative images of xenograft tumors. Tumor volume (B,C) and (D) weight were measured in the si-NC and siRNA pool groups. (E,F)
Relative expression levels of miR-487a-3p and circ_0020095 were detected in the xenograft tumors collected from the si-NC and siRNA pool groups by qRT-PCR.
(G) Tumors were collected and cut into 35 µm slices followed by staining for SOX9. Correlations between the expression of (H) circ_0020095 and miR-487a-3p, (I)
miR-487a-3p and SOX9, and (J) SOX9 and circ_0020095 were analyzed in the tumor samples. (K) Schematic of the potential molecular mechanism of
circ_0020095 in the tumorigenesis of CC. *P < 0.05, **P < 0.01, ***P < 0.001.

wt with mut of SOX9 reporter plasmids. Similarly, circRNA-
ACAP2 could regulate Tiam1 expression by abolishing the
suppressive effect of miR-21-5p on Tiam1 expression by sponging
with a miRNA in SW480 cells (He et al., 2018). Moreover,
overexpression of miR-487a-3p could suppress CC cell growth.
This is the first evidence that miR-487a-3p acts as a tumor
suppressor in CC.

SOX9 is a high mobility group box transcription factor that
has been shown to be increased in multiple human tissues and
acts as an oncogenic agent in tumor progression (Huang and
Guo, 2017). A relationship between SOX9 and CC cell growth
and development has been observed by a number of studies
(Marcker Espersen et al., 2016; Prevostel and Blache, 2017).
For this relationship, Shen et al. have found that SOX9 was
overexpressed in colon cancer. Knockdown of SOX9 expression
results in reduced invasiveness and metastasis of colon cancer
cells and inhibits the tumor growth and peritoneal metastasis in
nude mice by inhibiting the S100P/RAGE/ERK/ EMT signaling
pathway (Shen et al., 2015). Similarly, SOX9 regulates migration

and invasion in SW480 and SW620 cells and triggers the
transition between epithelial and mesenchymal states (Carrasco-
Garcia et al., 2016). The expression level of SOX9 could be used
to predict relapse in CC patients with stage II disease; a high level
predicted a low risk of relapse, and a low level predicted a high
risk of relapse (Marcker Espersen et al., 2016). Moreover, miR-
133b directly targets the protein level of WAVE2/Sox9/c-Met in
clinical samples (Wang et al., 2018). Based on these findings,
the potential mechanism of SOX9/c-Met may play an important
role during relapse in CC patients. Similarly, we have found
miR-487a-3p regulated the protein expression of SOX9 in our
experiments. Taken together, circ_0020095 not only indirectly
regulated the expression of SOX9 through miR-487a-3p but also
reversed the inhibitory effects of miR-487a-3p on CC cells. In our
future research, we aim to investigate the mutual effects of SOX-9
and C-Met on CC patients with different stages.

There are some limitations to our study. Firstly, Considering
the low expression of miR-487a-3p in both CC tissues and
cell lines (HT29, SW480, SW620, and HCT116) compared to
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normal tissues and the NCM460 cell line, there is another
possibility that Sox9 is directly regulated by circ_0020095, or
through other targets. However, we have confirmed the finding
that circ_0020095 could downregulate the mRNA and protein
expression of Sox9 by sponging miR-487a-3p. Secondly, we
have only randomly chosen 6 paired CC tumor tissues and
adjacent normal tissues to test the expression of 11 circular
RNAs. Although the number size is small, we have proved the
increased circ_0020095 in tissues (Figure 1K) and cell lines
through semiquantitative PCR, FISH assay and qRT-PCR which
was consistent with the result in Figure 1B.

CONCLUSION

Our results showed that the circ_0020095/miR-487a-3p/SOX9
axis plays a critical role in the progression of CC cells,
not only improving our understanding of the tumorigenesis
of CC but also offering a novel therapeutic strategy
for CC patients.
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Keloids, as a result of abnormal wound healing in susceptible individuals, are
characterized by the hyper-proliferation of fibroblasts and exaggerated deposition
of extracellular matrix. Current surgical and therapeutic modalities provide limited
satisfactory results. Growing evidence has highlighted the roles of circRNAs in acting
as miRNA sponges. However, up to date, the regulatory mechanism of circRNAs in the
pathological process of keloids has rarely been reported. In this study, cell proliferation,
cell migration, flow cytometry, western blotting, fluorescence in situ hybridization, dual-
luciferase activity, and immunohistochemistry assays were applied to explore the roles
and mechanisms of the circCOL5A1/miR-7-5p/Epac1 axis in the keloid. The therapeutic
potential of circCOL5A1 was investigated by establishing keloid implantation models.
The RT-qPCR result revealed that circCOL5A1 expression was obviously higher in
keloid tissues and keloid fibroblasts. Subsequent cellular experiments demonstrated
that circCOL5A1 knockdown repressed the proliferation, migration, extracellular matrix
(ECM) deposition, whereas promoted cell apoptosis, through the PI3K/Akt signaling
pathway. Furthermore, RNA-fluorescence in situ hybridization (RNA-FISH) illustrated that
both circCOL5A1 and miR-7-5p were located in the cytoplasm. The luciferase reporter
gene assay confirmed that exact binding sites were present between circCOL5A1 and
miR-7-5p, as well as between miR-7-5p and Epac1. Collectively, the present study
revealed that circCOL5A1 functioned as competing endogenous RNA (ceRNA) by
adsorbing miR-7-5p to release Epac1, which contributed to pathological hyperplasia
of keloids through activating the PI3K/Akt signaling pathway. Our data indicated that
circCOL5A1 might serve as a novel promising therapeutic target and represent a new
avenue to understand underlying pathogenesis for keloids.
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INTRODUCTION

Keloids are a benign skin fibroproliferative tumor that generally
serves as a result of abnormal wound healing in susceptible
individuals and are unique to humans (Limandjaja et al.,
2020). Keloids are often accompanied by severe pain, itching,
skin deformities, and even joint movement dysfunction, which
seriously affects the physiological and psychological health of
patients. Keloids are characterized pathologically by the hyper-
proliferation of cells (e.g., fibroblasts) and excessive deposition
of extracellular matrix (ECM) (e.g., type I and type III collagen)
(Rippa et al., 2019). Keloid-derived fibroblasts, served as the
main cellular components in keloid tissues, play a pivotal role
in modulating the synthesis and re-modeling of ECM, indicating
an association between the continuous aggressive growth and
collagen production (Arjunan et al., 2020). Meanwhile, in keloid
patients, the systemic balance between fibroblast proliferation
and apoptosis is distorted, resulting in the continuous hyperplasia
of keloids. Currently, there are a variety of treatment methods
such as compression therapy, intralesional steroid therapy,
cryotherapy, and the combination of surgical resection and
radiotherapy for keloid prevention and treatment (Betarbet and
Blalock, 2020). However, the recurrence rate remains high and
none of these treatments provide satisfactory results in all
patients. Therefore, an in-depth understanding of the molecular
mechanisms of aggressive progression of keloid and exploring
novel efficient therapeutic strategies is an urgent need.

Circular RNAs (circRNAs) are a relatively new RNA type and
are commonly generated by back-splicing of primary transcripts
(Artemaki et al., 2020). Unlike the linear RNA, circRNAs are a
covalently closed single-stranded RNA, in which the junction of
the 3′ end and 5′ end of the exon are tightly connected. Based
on their peculiar structure, circRNAs exist in multiple species
with high sequence conservation and are not easily degraded by
exonuclease (Xu et al., 2020). Additionally, circRNA possesses
multiple functions at the post-transcriptional level, including
acting as a microRNA (miRNA) sponge, binding to RNA-binding
proteins (RBPs), regulating transcription and translation (Di
Timoteo et al., 2020). Recently, with the development of high-
throughput sequencing technology and bioinformatics analysis,
increasing pieces of evidence have demonstrated that circRNAs
are emerging as a crucial role in various biological processes,
including proliferation, migration, and apoptosis.

Most studies have indicated that circRNAs are able to serve
as competitive endogenous RNAs (ceRNAs) or miRNA sponges,
to regulate target gene expression. For example, circCCDC9
acts as a ceRNA of miR-6792-3p to suppress the proliferation
and invasion of gastric cancer cell lines in vitro and tumor
growth and metastasis in vivo (Luo et al., 2020). Yue et al.
(2020) constructed a circHUWE1-associated ceRNA network
and then determined that circHUWE1 could directly sponge
miR-29b to relieve AKT3 suppression, via activating the AKT
signaling pathway in skeletal muscle development. In this
research, we have studied a previously reported circRNA, named
as circCOL5A1, which was derived from the host gene COL5A1
and was cyclized with the head-to-tail splicing of exon 13
and exon 19 (Shi et al., 2020). COL5A1 encodes an alpha

chain for one of the low abundance fibrillar collagens, which
is closely related to type V collagen and involves in the
progression of many fibrotic diseases. For example, based on gene
expression analysis of human osteoarthritis synovium, Remst
et al. (2014) found that the COL5A1, as a TGFβ-responsive
gene, was significantly upregulated in humans with end-stage
osteoarthritis. Besides, the histopathological features of skin and
lung in a animal model of systemic sclerosis induced by type V
collagen revealed that increased collagen V fibers and COL5A1
gene expression (Teodoro et al., 2019). The study by Yokota
et al. (2020) demonstrated that type V collagen played a crucial
role in scar size following myocardial infarction and induced
fibroblast activation. Therefore, based on the regulatory role
of COL5A1 in these fibrosis diseases, it could be speculated
that COL5A1 might be associated with the pathogenesis of
keloids and have the potential to serve as a novel therapeutic
target. Moreover, in keloid, Shi et al. (2020) identified potential
diagnostic and therapeutic circRNAs using a circRNA microarray
assay, the results revealed that a total of five circRNAs, of
which circCOL5A1 was markedly upregulated in keloid tissues.
Subsequently, biological process analysis determined that these
target genes might play vital roles in the positive regulation of cell
proliferation and cell cycle pathways. However, the mechanism of
circCOL5A1 as ceRNA in keloids has not been fully elucidated.

There is an increasing amount of evidence which highlights
ncRNA’s (mainly miRNAs and lncRNAs) key contribution to
the pathogenesis of keloids through modulating the pathways of
promoting and suppressing fibrosis. However, the pathological
mechanism of circRNAs in keloid development has rarely
been reported. It is key and feasible to better understand
these novel RNA interactions and construct a circRNA-
miRNA-mRNA network for further research on the specific
pathogenesis of keloid. Therefore, in this study, based on a
published circRNA microarray analysis, we first investigated
the function and regulatory mechanism of circCOL5A1 in
keloids. The results revealed that circCOL5A1 acted as a
sponge of miR-7-5p to affect the expression of Epac1, and
eventually modulated the human keloid fibroblasts (HKFs)
functions including proliferation, migration, and apoptosis
through PI3K/Akt signaling pathway. Collectively, our findings
have provided evidence of the mechanism of circRNAs in
the pathogenesis of keloids and offered novel insights into
therapeutic targets for keloid treatment.

MATERIALS AND METHODS

Tissue Samples
Keloid tissue specimens were obtained from 15 patients who
underwent cosmetic resection at the Department of Plastic
Surgery, Tongji Hospital of Huazhong University of Science
and Technology between June 2018 and September 2020.
Meanwhile, the normal skin tissues of the control group
were taken from 15 patients with circumcision. These samples
were collected with consent from these patients, and the
pathological characteristics of the samples had been confirmed
by pathologists. Furthermore, this research was approved by the
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ethical committee of Tongji Hospital of Huazhong University of
Science and Technology (Wuhan, China).

The Primary Fibroblasts Culture and
Transfection
Human keloid fibroblasts and human dermal fibroblasts (HDFs)
were isolated from the center of freshly surgically removed
keloid tissues and normal skin tissues, respectively, and were
extracted by the collagenase digestion method (Pandamooz et al.,
2012). The primary fibroblasts were cultured in Dulbecco’s
Modified Eagle’s Medium: Nutrient Mixture F-12 (DMEM/F12,
Gibco, Carlsbad, CA, United States) supplemented with 10%
fetal bovine serum (FBS, Gibco, Carlsbad, CA, United States),
penicillin, and streptomycin (100 IU/mL) at 37◦C in 5% CO2
atmosphere. HDFs and HKFs at 3–5 passages were used for
further experiments.

The primary fibroblasts were seeded in 6-well plates at a
density of 2 × 105/well and incubated to 40–50% confluence
before transfection. The small interfering RNAs (siRNAs) of
circCOL5A1 (si-circCOL5A1), miR-7-3p mimics, miR-7-3p
inhibitor, and the corresponding negative control (denoted as
si-NC, mimics NC, and inhibitor NC group) were designed
and synthesized by Ribo Biotech (Guangzhou, China).
Meanwhile, according to the manufacturer’s instruction,
Lipofectamine 3000 Transfection Reagent (Invitrogen,
United States) was regarded as the transfection medium. After
24 h, RT-qPCR analysis was applied to evaluate transfection
efficiency.

Cell Proliferation Assay and
5-Ethynyl-20-Deoxyuridine (EdU)
Incorporation Assay
The proliferation of HKFs was assessed using a cell counting
kit-8 (CCK-8) assay (Dojindo, Kumamoto, Japan) according to
the manufacturer protocol (Wu et al., 2020). Briefly, HKFs were
plated in a 96-well plate at a density of 3× 103/well and incubated
to 40% confluence. After transfection, 10 µL CCK-8 reagent was
directly added to each well of a 96-well plate at the specified
time (0 h, 24 h, 48 h, 72 h, and 96 h), and then incubated for
2 h in a dark environment. Finally, a microplate reader (BioTek
Instruments, United States) was applied to measure the optional
density (OD) at a wavelength of 450 nm.

The proliferation of HKFs was also measured with an
EdU DNA cell proliferation kit (RiboBio, Wuhan, China).
After transfection, the HKFs were incubated with a medium
containing 50 µM EdU for 2 h. The HKFs were fixed with 4%
paraformaldehyde for 30 min, and then the excess formaldehyde
was neutralized with a 2 mg/mL glycine solution. Subsequently,
the HKFs were, respectively, stained in Apollo reaction cocktail
and Hoechst staining solution and then incubated for 30 min
in the dark. A fluorescence microscope (IX35, Olympus, Japan)
was used for capturing randomly selected areas to observe the
ratio of proliferating cells (EdU positive) to the total number
of cells (DAPI positive) (Bieg et al., 2019). Samples were
prepared in triplicate.

Wound Healing Assay
After transfection, HKFs were seeded on the 6-well plate at a
density of approximately 2 × 105 /well and grown to confluence
until formed a single cell layer. Next, a 200 µL pipette tip was
employed to gently scratch the wound across the cell monolayer
(Yun et al., 2015). Afterward, the detached cells and debris were
removed by washing with phosphate-buffered saline (PBS) and
replaced with serum-free DMEM/F12 medium. After routine
culture for 0 h and 24 h, the cells that migrated to the scratched
area were photographed with a microscope, respectively. In
order to evaluate wound closure, Image J software was utilized
to measure and calculate the horizontal distance of migrating
cells from the initial wound. The experiment was performed in
triplicate with the mean value calculated.

Transwell Migration Assay
The migratory ability of HKFs was also assessed by 24-
well transwell migration champers (8 µm size, Corning,
United States). In short, a total of 5 × 104/well HKFs were
resuspended in 200 µL serum-free DMEM/F12 medium and
inoculated evenly into the inner chambers. Meanwhile, the
bottom chambers were replenished with 500 µL DMEM/F12
medium containing 20% FBS as the attractant. After 24 h, the cells
migrated to the lower chamber through the hole and were fixed
with 4% paraformaldehyde and then stained with 0.1% crystal
violet (Qiu et al., 2018). Finally, Image J software was employed
to count the number of migrated cells.

Cell Apoptosis Assay
The apoptosis rate of HKFs was evaluated using the Annexin
V-FITC/ propidium iodide (PI) Apoptosis Detection Kit
(KeyGen Biotech, Nanjing, China). Briefly, HKFs were seeded
at a density of approximately 2 × 105 /well in 6-well plates.
After transfection, cells were harvested using pancreatin without
EDTA and washed with cold PBS. Subsequently, the cells were
resuspended in 500 µL binding buffer and incubated with 5 µL
Annexin V-FITC for 15 min and 5 µL PI for 5 min in the dark
(Lu et al., 2018). Finally, a flow cytometry (BD FACSCalibur,
San Jose, CA, United States) was applied to detect the cell-
apoptosis rate in each tube. In addition, the percentage of early
(Annexin V-FITC+/PI−) and late (Annexin V-FITC+/PI+)
apoptotic cells in each sample was calculated by FlowJo software
version 8 (Ashland, OR, United States) to evaluate the influence
of intervention factors on cell apoptosis.

RNA Isolation and Quantitative
Reverse-Transcription PCR (RT-qPCR)
Assay
TRIzol reagent kit (Invitrogen) was performed to extract
circRNAs, miRNAs, and mRNAs from tissue specimens and
cultured primary cells, respectively. Then, the concentration and
purity of total RNA were evaluated using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE,
United States). The PrimeScript RT kit (Takara, Japan) was
performed to reverse transcription of RNA into complementary
DNA (cDNA) at 103◦C for 5 s, 37◦C for 10 min, and 4◦C for
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TABLE 1 | All primer sequences used for RT-qPCR.

Gene name Forward primer Reverse primer

circCOL5A1 CACCAAATTCCTCGACCGCA TGGCTGAGCTCAAACACCTCC

COL5A1 TACCCTGCGTCTGCATTTCC GCTCGTTGTAGATGGAGACCA

Epac1 GACCGGAAGTACCACCTTAGG AGATTCCCACAACTTGGCTCC

miR-7-5p CAG GGA GGC GTG GAT CAC
TG

CGTCG GGG GCT CAT GGA
GCGG

U6 CTCGCTTCGGCAGCACATATACT ACGCTTCACGAATTTGCGTGTC

GAPDH ACCACAGTCATGCCATCAC TCCACCACCCTGTTGCTGTA

15 min (Wang et al., 2018). The qRT-PCR analysis was performed
a Power SYBR Green PCR master mix (Yeasen, Shanghai, China)
in a real-time thermal cycler. All primer sequences used for RT-
qPCR are summarized in Table 1. The expression of circRNA and
mRNA was normalized to the GAPDH level, and the expression
of miRNA was normalized to the U6 level. All data were collected
and quantified using the 2−11Ct method to evaluate relative
expression levels of circRNAs, miRNAs, and mRNAs. The RT-
qPCR assay was performed using three independent replicates.

Western Blot Analysis
Total proteins were extracted using lysis buffer for radio-
immunoprecipitation assay (RIPA) (Boster, Wuhan, China),
and the protein concentration estimated with a bicinchoninic
acid (BCA) protein assay kit (Boster, Wuhan, China). After
boiling at 100◦C for 5 min, the equal amounts of protein
extract were electrophoresed in a 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) at 80 V for
20 min and then 120 V for 1 h. Subsequently, the protein extract
was transferred to PVDF membranes (Biosharp, Shanghai,
China) at 220 mA for 60 min. After repeated washing using
tris-buffered saline containing Tween 20 (TBST), the PVDF
membranes were blocked with 5% bull serum albumin (BSA)
blocking buffer for 2 h at 37◦C, and then incubated with
primary antibody collagen I, 1:1,000; collagen III, 1:1,000;
α-smooth muscle actin (α-SMA), 1:1,000; Epac1, 1:1,500; p-Akt,
1:1000; t-Akt, 1:1,000; p-PI3K, 1:1000; t-PI3K, 1:1,000; GAPDH,
1:2,500 overnight at 4◦C. Afterward, the PVDF membranes were
incubated with a secondary antibody (anti-rabbit IgG, HRP-
linked antibody, 1:5,000; anti-mouse IgG, HRP-linked antibody,
1:5,000) for 1 h at 37◦C (Wang et al., 2020b). Finally, signals
were visualized using the enhanced chemiluminescence (ECL)
detection kit (Yeasen, Shanghai, China), and the relative protein
abundance was measured by ImageJ image analysis software
(version 1.44p, National Institutes of Health, United States).
All primary antibody was purchased from Abcam, Cambridge,
MA, United States.

Fluorescence in situ Hybridization (FISH)
The FISH analysis was performed to observe and verify
the intracellular localization of circCOL5A1 and miR-7-5p in
primary HKFs. Cy3-labeled circCOL5A1 probes and FAM-
labeled miR-7-5p were designed and synthesized by RiboBio
(Wuhan, China). The probe sequences of circCOL5A1 and
miR-7-5p for FISH were obtained on request. In short, after

rinsing with PBS, the cells were fixed in 4% formaldehyde
solution at 37◦C for 10 min, and then incubated with 0.5%
Triton X-100 solution at 4◦C for 5 min (Squassina et al.,
2020). Specific probes for circCOL5A1 and miR-7-5p were
performed in situ hybridization overnight in the dark. Finally,
a fluorescence microscope (IX35, Olympus, Japan) was used to
acquire and visualize the images at 200 × magnification and
400×magnification.

Bioinformatic Analysis
Based on a circRNA published microarray, the Cytoscape
software platform1 was applied to construct and visualize a
circRNA-miRNA-mRNA interaction network (Marazzi et al.,
2020). Moreover, we performed an online prediction software
Circular RNA Interactome2 to predict the miRNAs binding
sites of circCOL5A1. Similarly, three independent miRNA
databases (TargetScan, miRWalk, and mirDIP) were applied
to predict mRNAs that may bind to miR-7-5p, respectively.
Gene Ontology (GO) consisted of three structured ontologies
such as biological processes (BP), cellular components (CC),
and molecular functions (MF) (Yoneda et al., 2020). Kyoto
Encyclopedia of Genes and Genomes (KEGG) database was
applied for investigating worthwhile biological pathways of target
genes (Zhou et al., 2020). Finally, the online website (DAVID)3

was used to perform GO annotation and KEGG pathway
enrichment analysis on mRNA targeted by circRNA.

Dual-Luciferase Activity Assay
The recombinant luciferase reporter plasmid of circCOL5A1
(wild type-WT), circCOL5A1 (hsa-miR-7-5p, mutant-Mut,
Mut1 + Mut2), and pRL-CMV (Promega) were designed and
synthesized by Heyuan (Shanghai, China). When HEK293T
cells grown to a confluency of 40–50%, the circCOL5A1
plasmid together with the miR-7-5p mimic were transfected into
cells via Lipofectamine 3000 Transfection Reagent (Invitrogen).
Analogously, the psiCHECK-Epac1-Wt or psiCHECK-Epac1-
Mut plasmids were synthesized by Heyuan (Shanghai, China)
and then co-transfected into cells with miR-7-5p mimics. After
transfection, firefly luciferase activity and Rluc activity were
evaluated using the dual-luciferase reporter gene (DLR) analysis
system kit (Promega, United States). Firefly luciferase (Luc) was
defined as a reference to assess the signal value of Renilla (Rluc)
luciferase (Li et al., 2020).

Implantation of Keloid Tissue Into the
Nude Mice
Animal experiments in this study were approved by the Animal
Care and Use Committee of Huazhong University of Science
and Technology (Wuhan, China). The keloid specimens obtained
from the patients were manually divided into small pieces
(5 mm × 3 mm × 3 mm). A total of 15 small pieces were
randomly assigned to five groups and stored in DMAE/F12
medium. To explore the therapeutic effect of circCOL5A1 on

1http://www.cytoscape.org/
2https://circinteractome.nia.nih.gov/
3https://david.abcc.ncifcrf.gov
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keloids in vivo (Scheme 1), 6-week-old male BALB/C nude mice
underwent general inhalation anesthesia (n = 5 for each group).
Subsequently, within 3 h of keloid tissue resection, three small
keloid tissue samples were implanted into each of the five nude
mice (one on the upper back, one on the lower back, and one
on the abdomen) (Fanous et al., 2019). Each transplantation site
was at least 3 cm apart to prevent treatment diffusion and mutual
influence. After the wound skin healed (1 week), each mouse was
randomly divided into one of three treatment groups (control,
si-NC, and si-COL5A1). To avoid potential confounding factors,
especially the different mechanical tensile strengths of the skin in
different sites, the sites chosen for different interventions were
randomized. After 2 weeks of intervention, the keloid grafts
were taken out from the nude mice and weighed, while the
grafts volume was measured. The keloid grafts were used for the
following western blot analysis and histological assessment.

Immunohistochemistry (IHC)
After obtaining the transplanted keloid tissues from nude mice,
the keloid tissues were embedded in paraffin and prepared
into 4 mm sections. The sections were deparaffinized in xylene
and rehydrated in ethanol solutions. To eliminate non-specific
binding, the dehydrated sections were blocked in normal
goat serum for 30 min and then incubated overnight with
primary antibodies (1:100 dilution; Santa Cruz Biotechnology,
Santa Cruz, CA, United States) at 4◦C. After incubating the
secondary antibody in the next day, the sections are stained with
diaminobenzidine (DAB) to facilitate visualization of positive
signals and then the nuclei were counterstained with hematoxylin
(Damjanovic et al., 2020). The immunoreactivity of type I
and III collagen and α-SMA in each section were assessed
semiquantitatively using MetaMorph image analysis software
(Universal Image Corp., Buckinghamshire, United Kingdom).
The result was a statistical analysis of the average signal intensity
of three different digital images.

Statistical Analysis
All data were expressed as mean ± standard deviation
using GraphPad Prism Software (version 8.0.1, La Jolla, CA,
United States). Comparison between two groups was analyzed
using the Student t-test. Differences between the three or more
groups of data were compared by one-way ANOVA. Pearson’s
test was applied for the correlation analysis between two groups.
A value of p < 0.05 was considered statistically significant.

RESULTS

The Expression of circCOL5A1 in Keloid
Tissues and HKFs
The previous sequencing study showed that circCOL5A1 was
significantly upregulated in keloids compared with normal
skin tissues through the microarray assay results. Afterward,
the relative expression of circCOL5A1 was detected by qRT-
PCR in keloid tissues and normal skin tissues. The expression
level of circCOL5A1 was significantly upregulated in keloid

tissues, which was consistent with the microarray assay data
(Figure 1A). Meanwhile, we applied collagenase digestion to
extract primary fibroblasts. and the result of qPCR showed
that circCOL5A1 was also significantly increased in human
keloid fibroblasts (HKFs) compared with HDFs (Figure 1B).
These data suggested that circCOL5A1 might be a circular
molecular closely correlated with the progression of keloids.
To investigate the regulatory effect of circCOL5A1, three
circCOL5A1 siRNA and NC siRNA (the sequence is 5′-
TTCTCCGAACGTGTCACGTdTdT-3′) were designed and
synthesized to specific silence circCOL5A1 without affecting the
level of COL5A1 mRNA in the HKFs (Figure 1C). After detecting
the silencing efficiency through qRT-PCR, si-circCOL5A1-2 (the
sequence is 5′-GTGTTTGAGCTCAGCCAGC-3′) was selected
for subsequent experiments. Besides, circCOL5A1 was generated
from the COL5A1 gene, which was located at chromosome 9
and consisted of the head-to-tail splicing of exon 13 and exon 19
(CircBase ID: hsa_circ_0007482, splicing sequence length: 545
nucleic acid base) (Figure 1D).

Construction of circRNA-miRNA-mRNA
Network
Firstly, we performed an online prediction software Circular
RNA Interactome (see text footnote 2) to predict many miRNAs
(such as miR-7-5p, miR-604, miR-639, and miR-665) binding
to circCOL5A1 (Supplementary Table 1). Secondly, the relative
expressions of these miRNAs (such as miR-7-5p, miR-604, miR-
639, and miR-665) were detected by qRT-PCR in keloid tissues
and normal skin tissues. The results of qRT-PCR revealed that
only miR-7-5p and miR-665 were significantly downregulated in
keloid tissues compared with normal skin tissues, while miR-
604 and miR-639 were not differentially expressed between
keloid tissues and normal skin tissues (Supplementary Figure 1).
Thirdly, previous study determined that miR-7 downregulation
mediated excessive collagen expression in localized scleroderma,
suggesting that miR-7 played some part in the pathogenesis
of cutaneous fibrosis (Etoh et al., 2013). Therefore, miR-7-5p
was selected as a potential binding target of circCOL5A1 for
constructing circRNA-miRNA-mRNA network. Fourthly, target
genes of miR-7-5p were detected by three independent miRNA
databases (TargetScan, miRWalk, and mirDIP). Taken together,
we screened out circCOL5A1 based on the published microarray
assay results and then constructed a circRNA-miRNA-mRNA
network according to the ceRNA theory and the presence of
potential binding sites (Figure 1E).

GO and KEGG Pathway Enrichment
Analyses
In this study, we initially explored the mechanism of circCOL5A1
through predicting its target mRNAs. To predict the potential
target genes of miR-7-5p, we used three databases (TargetScan,
miRWalk, and mirDIP) and then identified a total of 2262 target
genes. We next determined the potential functions of these
target genes, GO and pathway analyses were performed using
the online website (DAVID, see text footnote 3). GO enrichment
analysis suggested that the genes targeted by circCOL5A1 had
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SCHEME 1 | Schematic illustration of implanting keloid tissues into nude mice to make the modeling process more intuitive and easier to understand.

an effect on several biological processes, especially cell growth
and histone modification (Figure 1F). KEGG pathway analysis
demonstrated that these target genes were involved in the
PI3K/Akt signaling pathway, mTOR signaling pathway, and
cAMP signaling pathway that were all associated with the
pathogenesis of keloids (Figure 1G).

Characteristics of circCOL5A1 in HKFs
In order to further confirm the stability of circCOL5A1, after
treatment with or without RNase R, the expression levels
of circCOL5A1 and linear COL5A1 were detected in HKFs
by qRT-PCR. The results confirmed that RNase R treatment
degraded the linear transcript of COL5A1, while circCOL5A1
could resist RNase R treatment (Figure 1H). Additionally, we
found that the subcellular localization of circCOL5A1 was mainly
located in the cytoplasm using a FISH assay. It indicated
that circCOL5A1 might function in the cytoplasm (Figure 1I).
Meanwhile, negative control was performed to determine that
circCOL5A1 was mainly localized in the cytoplasm of HKFs
with specific signal (Supplementary Figure 2). In summary, the
above results determined that circCOL5A1 was mainly localized
in the cytoplasm of HKFs with high abundance, high sequence
conservation, and specific expression.

CircCOL5A1 Regulated HKFs
Proliferation, Migration, Apoptosis, and
ECM Deposition Through PI3K/Akt
Signaling Pathway in vitro
To explore the role of circCOL5A1 in the proliferation of
HKFs, CCK-8 assay, and EdU assay were performed. The
CCK-8 analysis demonstrated that the silencing of circCOL5A1
observably suppressed the proliferation ability, especially 48 h
after transfection (Figure 2A). Similarly, the EdU results
revealed that silencing circCOL5A1 significantly reduced the
percentage of EdU positive cells (Figure 2B). Meanwhile,
wound healing and transwell assay was performed to investigate
the effect of circCOL5A1 on HKFs migration. The results
revealed that knockdown of circCOL5A1 could suppress the
migration of HKFs (Figures 2C–E). As shown in Figure 2F,
the downregulation of circCOL5A1 significantly increased the
apoptotic ratio of HKFs, which was consistent with the results
of CCK-8 assay and EdU assay.

Furthermore, to further explore the role of circCOL5A1 in
promoting the pathological hyperplasia of keloid, the expression

of the main components of ECM were examined, including type
I and III collagen, and α-SMA through western blot. The results
indicated that si-circCOL5A1 transfection markedly reduced the
protein expression levels of type I and III collagen, and α-SMA in
HKFs (Figure 2G). Besides, the phosphorylation levels of PI3K
and Akt were significantly suppressed after transfection with
si-circCOL5A1 (Figure 2H). Taken together, these above data
demonstrated that circCOL5A1 regulated HKFs proliferation,
migration, apoptosis, and ECM deposition through PI3K/Akt
signaling pathway.

MiR-7-5p Was Significantly
Downregulated in Keloid Tissues and
HKFs
Taking into account circCOL5A1 stable located in the cytoplasm,
we also investigated the subcellular location of miR-7-5p in
HKFs. The result of the FISH assay showed that miR-7-5p
was also located in the cytoplasm (Figure 3A). Furthermore,
we detected the expression of miR-7-5p both in keloid tissues
and HKFs. The results of qRT-PCR suggested significant
downregulation of miR-7-5p in keloid tissues and HKFs
(Figures 3B,C), indicating that miR-7-5p itself was a fibrosis-
inhibitor in the progress of keloids. After transfection with
miR-7-5p mimics or miR-7-5p inhibitor, miR-7-5p expression
was significantly enhanced in the miR-7-5p inhibitor group
compared with the inhibitor NC group, whereas miR-7-5p
expression was significantly decreased in the miR-7-5p mimics
group (Figure 3D).

MiR-7-5p Regulated HKFs Proliferation,
Migration, and Invasion in vitro by
Targeting Epac1
As no studies have explored the role of miR-7-5p in the
pathological process of keloids, we clarified for the first time
the mechanism and biological functions of miR-7-5p in HKFs.
Interestingly, bioinformatics analysis predicted the potential
binding sites between miR-7-5p and Epac1. Simultaneously, our
previous study had confirmed that Epac1 played an essential
regulatory role in the occurrence and progression of keloids (Lv
et al., 2021). Therefore, we choose Epac1 as the target gene of
miR-7-5p for further functional verification.

In the following, the expression of miR-7-5p in HKFs
was successfully knocked down in HKFs using transient
transfection with specific miR-7-5p inhibitor and upregulated
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FIGURE 1 | Bioinformatics analysis and characterization of circCOL5A1. (A) The relative RNA levels of circCOL5A1 were evaluated by qRT-PCR between keloid
tissues and normal skin. (B) The relative RNA levels of circCOL5A1 were evaluated by qRT-PCR between HKFs and HDFs. (C) The silent efficiency of circCOL5A1
was evaluated by qRT-PCR in HKFs transfected with si-NC or siRNAs, respectively. (D) The structure and binding sites of circCOL5A1. The red sites represented the
microRNA response element. The blue sites represented RNA binding protein. The green sites represented an open reading frame. (E) Construction of
circRNA-miRNA-mRNA network. GO (F) and KEGG (G) analysis of circCOL5A1 target genes. (H) The relative abundance of circCOL5A1 or linear COL5A1 in HKFs
were detected by qRT-PCR after treatment with or without RNase R. (I) FISH assays were performed to observe the cellular location of circCOL5A1 (red) in HKFs
(magnification, 200× and magnification, 400×). ##p < 0.01 and ###p < 0.001.
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FIGURE 2 | circCOL5A1 regulated HKFs proliferation, migration, apoptosis, and ECM deposition in vitro. (A) CCK-8 assays and (B) EdU assays were performed to
assess the proliferation ability in HKFs transfected with the si-NC or si-circ, respectively. Magnification, 200×. (C) Transwell migration assays (magnification, 200×)
and (D,E) wound healing assays (magnification, 20×) were applied for assessing the migration ability of HKFs transfected with the si-NC or si-circ, respectively.
(F) Cell apoptosis was examined using flow cytometry. (G,H) The protein levels of collagen I, collagen III, α-SMA, and the protein phosphorylation levels of Akt and
PI3K in HKFs transfected with si-NC or si-circ by western blot assays. Data was shown as mean ± SD. ns indicated no significance, #P < 0.05, ##P < 0.01,
###P < 0.001, vs. si-NC.

using specific miR-7-5p mimics (Figure 3D). The CCK-
8 and EdU assay presented that knockdown of miR-7-5p
could significantly promote the proliferation ability and
increase the percentage of EdU positive cells, indicating
that miR-7-5p in itself could prevent the cell proliferative
potential (Figures 3E,F). Meanwhile, the results of wound
healing and transwell assay revealed that the downregulation
of miR-7-5p was able to promote the migration of HKFs.
Inversely, substantially increased expression of miR-7-5p could
slow down cell migration (Figures 3G,H). Concurrently,
the apoptotic tendency of HKFs was promoted strongly

by miR-7-5p mimics, yet miR-7-5p inhibitor induced the
opposite trend of cell apoptosis (Figure 3I). Besides, the
results of western blot revealed that the Epac1 protein level
prominently decreased after the transfection of miR-7-5p
mimics, while Epac1 expression prominently increased in
the miR-7-5p inhibitor group (Figure 3J). Meanwhile, the
transfection of HKFs with miR-7-5p mimics resulted in the
reduction of collagen I, collagen III, and α-SMA at protein levels,
indicating that miR-7-5p itself could reverse the pathological
phenotype of excessive ECM deposition in keloids (Figure 3J).
Overexpression of miR-7-5p significantly suppressed the
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FIGURE 3 | MiR-7-5p regulated HKFs proliferation, migration, apoptosis, and ECM deposition in vitro by targeting Epac1. (A) FISH assays were performed to
observe the cellular location of miR-7-5p (red) in HKFs (magnification, 200× and magnification, 400×). (B) The relative RNA levels of miR-7-5p were evaluated by
qRT-PCR between keloid tissues and normal skin. (C) The relative RNA levels of miR-7-5p were evaluated by qRT-PCR between HKFs and HDFs. (D) The
transfection efficiency of miR-7-5p was evaluated by qRT-PCR in HKFs transfected with the miR-7-5p mimics or inhibitor, respectively. (E) CCK-8 assays and
(F) EdU assays were performed to evaluate the proliferation ability in HKFs transfected with the miR-7-5p mimics or inhibitor, respectively. Magnification, 200×.
(G) Transwell migration assays (magnification, 200×) and (H) wound healing assays (magnification, 20×) were applied for assessing the migration ability of HKFs
transfected with the miR-7-5p mimics or inhibitor, respectively. (I) Cell apoptosis was examined using flow cytometry. (J,K) The protein levels of Epac1, collagen I,
collagen III, α-SMA, and the protein phosphorylation levels of Akt and PI3K in HKFs transfected with miR-7-5p mimics or inhibitor by western blot assays. Data was
shown as mean ± SD. ns indicated no significance, #P < 0.05, ##P < 0.01, ###P < 0.001, vs. NC.
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PI3K/Akt signaling pathway activation (Figure 3K). Thus,
the above data above demonstrated that miR-7-5p had
an indispensable effect on regulating HKFs proliferation,
migration, apoptosis, and ECM deposition through PI3K/Akt
signaling pathway.

CircCOL5A1 Served as a miRNA Sponge
of miR-7-5p to Regulate Epac1
Expression
Growing studies have confirmed that circRNA has assumed
the indispensable role of a miRNA sponge in the occurrence
and development of fibrotic diseases, especially keloids (Jin
et al., 2020). A series of experiments were performed to
further investigate the interaction between circCOL5A1, miR-
7-5p, and Epac1. Firstly, western blot analysis revealed that
the downregulation of circCOL5A1 markedly reduced Epac1
protein level, while inhibiting miR-7-5p promoted the above
level (Figure 4A). Interestingly, the co-transfection of si-
circCOL5A1 and miR-7-5p inhibitor did not affect the expression
of Epac1 in HKFs (Figure 4A). After transfection with si-NC,
si-circ, or si-circ + inhibitor, respectively, the protein levels
of ECM as well as the protein phosphorylation levels of Akt
and PI3K in HKFs, were consistent with the above results
(Figures 4A,B). Secondly, to investigate whether circCOL5A1
served as a miRNA sponge in the cytoplasm of HKFs, the
FISH assay was applied to assess the subcellular co-location
of circCOL5A1 and miR-7-5p. The results indicated that
circCOL5A1 (red) and miR-7-5p (green) were mainly visualized
in the cytoplasm (Figure 4C). Thirdly, we used an online
software Circular RNA Interactome to predict the miRNAs
binding sites of circCOL5A1. The prediction tool predicted a
potential binding site where circCOL5A1 might sponge to the
seed region of miR-7-5p (Figure 4D). To further confirm the
interaction target predicted by bioinformatics, a dual-luciferase
reporter assay was conducted. The results suggested that miR-
7-5p mimics markedly reduced the luciferase activity of vector
containing the full-length of circCCDC9-WT sequences, but
did not influence the luciferase activity of vector including
mutant binding sites of miR-7-5p (Figure 4E). Subsequently,
the online prediction website (TargetScan) was applied to define
that Epac1 was a potential target gene of miR-7-5p (Figure 4G).
In the luciferase reporter assay, the wild-type and mutant
sequences were constructed and transfected, respectively. The
luciferase activity analysis revealed that miR-7-5p tightly bound
to Epac1 through covalent molecular conjunction (Figure 4H).
These results indicated that there might be a direct interaction
between circCOL5A1 and miR-7-5p as well as between miR-
7-5p and Epac1. Furthermore, qRT-PCR was performed to
evaluate the expression of circCOL5A1, miR-7-5p, and Epac1
from frozen keloid tissues. The results indicated that there
was a significantly negative correlation between circCOL5A1
and miR-7-5p, as well as a highly negative correlation between
miR-7-5p and Epac1 (Figures 4F,I). In summary, these above
data determined that circCOL5A1 acted as a sponge of miR-
7-5p in the cytoplasm, thereby promoting the expression
of Epac1 in HKFs.

CircCOL5A1 Regulated HKFs
Proliferation, Migration, and Invasion
Through circCOL5A1/miR-7-5p/Epac1
Axis
To further investigate whether circCOL5A1 served as a fibrosis-
inhibitor in HKFs by suppressing the activity of miR-7-5p
to upregulate Epac1 protein expression, rescue experiments
were performed using si-circCOL5A1 and miR-7-5p inhibitor.
In addition, we attempted to investigate whether miR-7-
5p inhibitor combined with si-circCOL5A1 could reverse
the biological function and PI3K/Akt pathway activation
induced by miR-7-5p inhibitor. The results demonstrated
that miR-7-5p inhibitor reversed the proliferation, migration,
and apoptosis regulation effects induced by circCOL5A1
knockdown in HKFs through CCK-8 and EdU assay, wound
healing and transwell assay, apoptosis analysis, and western
blot analysis (Figures 5A–F). Afterward, to observe whether
circCOL5A1 could restore the expression level of Epac1
increased by miR-7-5p inhibitor, the western blot assay was
used to detect Epac1 protein expression. The results revealed
that the gray value of the Epac1 protein band in the si-
circCOL5A1 + miR-7-5p inhibitor group was significantly
lower than that of the miR-7-5p inhibitor group (Figure 5G).
Simultaneously, the reduction of ECM deposition and the
inhibition of the PI3K/Akt signaling pathway caused by
silencing circCOL5A1 were reversed by a miR-7-5p inhibitor
(Figure 5H). Collectively, these above data indicated that
circCOL5A1 reversed miR-7-5p -induced enhancement of HKFs
biological function, and could restore the expression of miR-
7-5p target Epac1, forming the circCOL5A1/miR-7-5p/Epac1
regulating axis.

Downregulation of circCOL5A1
Suppressed the Growth and ECM
Deposition of Keloids in vivo
To further elucidate the effects of circCOL5A1 on the growth and
ECM deposition of keloids in vivo, fresh human keloid tissues
were implanted under the skin of nude mice and intervened
with three methods (PBS, si-NC, and si-circCOL5A1). The keloid
grafts were intervention every 3 days and the volumes were
measured with a vernier caliper. After 14 days, all the nude
mice were killed, the weights of keloid graft were determined.
Compared with the control and si-NC group, the circCOL5A1
siRNA group significantly reduced the tumor volume and
weight (Figures 6A–C). These subcutaneously transplanted
keloid tissues were further examined by HE staining, IHC,
and WB analysis. HE staining displayed that the eosinophilic,
refractory homogeneous lamellar collagen fibers of keloid tissues
in the circCOL5A1 siRNA group became thinner, less dense,
and loosely arranged, compared with the control and si-NC
group (Figure 6D). Meanwhile, the results of IHC and WB
revealed that the expression of type I and III collagen and α-SMA
were markedly downregulated in the circCOL5A1 siRNA group
(Figures 6E,F). Taken together, these findings demonstrated
that si-circCOL5A1 could reverse the pathological phenotype of
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FIGURE 4 | circCOL5A1 served as a miRNA sponge of miR-7-5p to regulate Epac1 expression. (A,B) The protein levels of collagen I, collagen III, α-SMA, and the
protein phosphorylation levels of Akt and PI3K in HKFs transfected with si-NC, si-circ, or si-circ + inhibitor were determined using western blot, respectively. (C) FISH
assays were performed to observe the cellular location of circCOL5A1 (red) and miR-7-5p (green) in HKFs (magnification, 200× and magnification, 400×).
(D) Schematic diagram of circCOL5A1-WT and circCOL5A1-MUT luciferase reporter vectors. (E) The relative luciferase activities were evaluated in HKFs after
co-transfection with circCOL5A1-WT or circCOL5A1-MUT and mimics or NC, respectively. (F) Pearson correlation analysis was performed to evaluate the correlation
between circCOL5A1 and miR-7-5p in keloid tissues. (G) Schematic diagram of miR-7-5p-WT and miR-7-5p-MUT luciferase reporter vectors. (H) The luciferase
activity of reporter that carried WT rather than Mut 3′-UTR of Epac1 was markedly suppressed by miR-7-5p mimics. (I) Pearson correlation analysis was performed
to evaluate the correlation between miR-7-5p and Epac1 in keloid tissues. Data was shown as mean ± SD. ns indicated no significance, #P < 0.05, ##P < 0.01,
###P < 0.001.

keloids, and circCOL5A1 was expected to become a potential
therapeutic target.

DISCUSSION

Cutaneous pathological keloids are an abnormal
fibroproliferative wound healing reaction (Ekstein et al.,
2020). The etiology of keloids remains unclear but may be
closely involved in genetics and external system factors (Tan

et al., 2019). Epigenetics, representing the potential link of
complex interactions between genetics and external risk factors,
is currently under intense scrutiny (Hodjat et al., 2020).
Recently, the ncRNA-based mechanism is a pivotal part of
epigenetic modification and has accounted for the complexity of
many diseases. Furthermore, accumulating evidence about the
regulatory mechanism of circRNAs has determined that ceRNA
crosstalk might be associated with the progression of tumors
and fibrotic diseases (Dai et al., 2020). However, keloid-related
circRNAs research only stayed at the stage of high-throughput
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FIGURE 5 | circCOL5A1 regulated HKFs proliferation, migration, apoptosis, and ECM deposition through circCOL5A1/miR-7-5p/Epac1 axis. (A) CCK-8 assays and
(B) EdU assays were performed to evaluate the proliferation ability in HKFs transfected with the si-NC, si-circ, or si-circ + inhibitor, respectively. Magnification, 200×.
(C) Transwell migration assays (magnification, 200×) and (D,E) wound healing assays (magnification, 20×) were applied for assessing the migration ability of HKFs
transfected with the si-NC, si-circ, or si-circ + inhibitor, respectively. (F) Cell apoptosis was examined using flow cytometry. (G,H) The protein levels of collagen I,
collagen III, α-SMA, and the protein phosphorylation levels of Akt and PI3K in HKFs transfected with si-NC, si-circ, or si-circ + inhibitor by western blot assays. Data
was shown as mean ± SD. ns indicated no significance, #P < 0.05, ##P < 0.01, ###P < 0.001, vs. si-NC.

sequencing and the ceRNA function of circRNAs has not
been well recognized to date. In the present study, we firstly
confirmed that circCOL5A1/miR-7-5p/Epac1 axis was involved
in keloid progression.

In this study, according to the published circRNA microarray
assay, we demonstrated that circCOL5A1 was significantly

upregulated in keloids, which was consistent with the microarray
assay results. Secondly, in vitro and in vivo, we found
that circCOL5A1 acted as a fibrosis promoter to promote
HKFs proliferation, migration, and ECM deposition, on the
contrary, inhibit apoptosis. Thirdly, miR-7-5p was defined as a
potential target of circCOL5A1 through bioinformatic analysis
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FIGURE 6 | Downregulation of circCOL5A1 suppressed the growth of keloids and ECM deposition in vivo. (A) Images of subcutaneous keloid grafts in circCOL5A1
low expression group and control group. (B) The relative volume of keloid grafts was analyzed. (C) The weight of the keloid grafts was evaluated. (D) Representative
images of HE staining of keloid nodules in different intervention groups (magnification, 100× and magnification, 200×). (E) The relative expression level of collagen I,
collagen III, and α-SMA was observed in keloid grafts by IHC (magnification, 200× and magnification, 400×). (F) The protein levels of collagen I, collagen III, and
α-SMA were evaluated in subcutaneous keloid grafts by western blot analysis. Data was shown as mean ± SD. ns indicated no significance, ##P < 0.01,
###P < 0.001, vs. si-NC.

and dual-luciferase reporter assay. Meanwhile, we identified
a significant decrease in miR-7-5p expression and a negative
correlation between circCOL5A1 and miR-7-5p expression levels
in keloid tissues. Fourthly, mechanically, functional experiments
revealed that circCOL5A1 functioned as a ceRNA by sponging
with miR-7-5p to upregulate the target gene Epac1 in keloid
progression. Moreover, silencing circCOL5A1 could reverse
the pathological phenotype of keloids via inhibiting PI3K/Akt
pathway activity. Considering the above evidence, the results
suggested a correlation between the circCOL5A1-associated
ceRNA crosstalk and PI3K/Akt signaling pathway, referring as a
potential regulatory mechanism in the pathogenesis of keloids.

Currently, circRNAs are involved in regulating the target
gene at the posttranscriptional level via function as sponges of
miRNAs and RBPs (Hansen et al., 2013). Inhibiting translation or
participating in the degradation of target mRNA was deemed to
be the most classic regulatory mechanism of miRNAs. Hence, the

circRNA/miRNA/mRNA axis was referred to as the competitive
ceRNA mechanism in multiple biological processes. For example,
Song et al. (2020) found that the high expression of circ0003998
in hepatocellular carcinoma (HCC) tissues correlated with
the aggressive characteristics of HCC patients. Mechanically,
circ0003998 could not only act as the ceRNA of microRNA-
143-3p to reduce the inhibition of EMT-related FOSL2 but also
combine with PCBP1 protein to promote EMT-related CD44v6
expression (Song et al., 2020). Shi et al. (2020) constructed a
circRNA-miRNA-mRNA interaction network using a circRNA
microarray of keloids. Then the gene ontology (GO) analysis was
performed to suggest that these ncRNAs might partly contribute
to the etiology of keloids by affecting cAMP signaling and cell
cycle pathways. Analogously, Wang et al. (2019) carried out
high-throughput sequencing and bioinformatics to identify the
alterations in circRNA and mRNA expression profiles and then
to construct gene networks in keloids.
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FIGURE 7 | The schematic diagram illustrates the role of circCOL5A1 as a ceRNA for miR-7-5p to release Epac1 in regulating the pathological phenotype of keloids.
circCOL5A1 was generated by the head-to-tail splicing of COL5A1 in the nucleus and then functioned as ceRNA in the cytoplasm. circCOL5A1 reversed
miR-7-5p-induced enhancement of HKFs biological function via the PI3K/Akt signaling pathway, including proliferation, migration, apoptosis, collagen production,
and myofibroblast activation. Mechanismly, circRNAs could restore the expression of miR-7-5p target Epac1, forming the circCOL5A1/miR-7-5p/Epac1 regulating
axis. The miR∗ represented a segment of RNA on the pre-miRNA, and its position happened to be opposite that of the mature miRNA.

Herein, circCOL5A1 was predicted to contain the miRNA
binding site of miR-7-5p through the online prediction website
Circular RNA Interactome4. Firstly, a series of functional
experiments such as FISH and dual-luciferase reporter gene
determined that circCOL5A1 and miR-7-5p were co-located
in the cytoplasm of HKFs, and showed the potentiality of
circCOL5A1 to sponge miR-7-5p. Secondly, the functional
rescue experiments supported that circCOL5A1 reversed the
effect of miR-7-5p on suppressing keloid hyperplasia. The
results indicated that miR-7-5p inhibitor could reverse the
suppressing effects of silencing circCOL5A1 on proliferation,
migration, and ECM deposition. Inversely, miR-7-5p inhibitors
could reverse the apoptosis-promoting effects of silencing
circCOL5A1. Thirdly, we also discovered that miR-7-5p mimics
inhibited the activation of Epac1 in HKFs, while miR-7-
5p inhibitor promoted the activation of Epac1, indicating
that miR-7-5p is a potent negative regulator of Epac1.
Finally, we identified that knocking down circCOL5A1 could
suppress the expression of Epac1 in HKFs, which was
retarded by miR-7-5p inhibitor. Therefore, the above results
provided sufficient evidence to support that circCOL5A1
functioned as a ceRNA by adsorbing miR-7-5p to release
Epac1, which resulted in hyperproliferation and invasive
growth of keloids.

4https://circinteractome.nia.nih.gov/index.html

Epac1, served as Rap guanine nucleotide exchange factor
directly activated by cAMP, has been proved to participate
in the progression of multiple tumors and fibrotic diseases
through directly activating Akt/protein kinase B (Christensen
et al., 2003). Our previous studies have confirmed that the
fibrosis promoter Epac1 stimulated HKFs proliferation and
migration, thereby playing a positive role in the pathological
process of keloids. Interestingly, a study by Garcia-Morales et al.
(2017) found that Epac1 reduction in a miR-7-mediated manner
contributed to vascular endothelial permeability and eNOS
uncoupling during retinopathy. Besides, Etoh et al. (2013) found
that systemic or local downregulation of miR-7 could mediate
excessive collagen expression in localized scleroderma. However,
so far, it has remained ambiguous how circCOL5A1/ miR-7-
5p axis contributed to Epac1-induced progression in keloids.
Strikingly, we systematically illuminated that circCOL5A1
directly bound to miR-7-5p to release Epac1. It emphasized that
the novel mechanism of the crosstalk between circCOL5A1/miR-
7-5p/Epac1 axis and PI3K/Akt signaling pathway in regulating
the keloid process.

As representative members of anti-apoptotic and survival-
promoting signaling pathways, PI3K and its downstream
target Akt participated in regulating many cellular functions,
especially proliferation, migration, transformation, and cell-cycle
progression. For example, Zhang et al. (2018) confirmed that
exosomes derived from adipose tissue stem cells promoted
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scar-free wound healing through PI3K/Akt signaling pathway.
Meanwhile, the PI3K/AKT pathway also mediated cutaneous
wound contraction by regulating fibroblast migration and
differentiation into myofibroblasts (Li et al., 2016). In our study,
si-circCOL5A1 significantly decreased the phosphorylation of
PI3K and Akt, while miR-7-5p inhibitor partially alleviated
downregulated circCOL5A1-induced alterations. Therefore, the
changes of total protein and phosphorylated protein levels of
PI3K and Akt were detected by silencing or overexpressing
circRNA and miRNA. In fact, many studies on the circRNA
pathway have adopted this approach, that is, the expression
of the terminal pathway was verified by regulating the
circRNA/miRNA/mRNA axis (Luo et al., 2020; Wang et al.,
2020a). Taken together, this evidence supported that PI3K/Akt
signaling pathway functioned in accelerating full-thickness
wound healing and attenuating keloid formation.

To our knowledge, this was the first study that
comprehensively explored circCOL5A1 acted as a ceRNA in the
regulation of keloid formation. Moreover, we investigated for
the first time the miR-7-5p/Epac1 axis in keloid progression.
Our findings might shed new light on the keloids treatment
of ncRNAs epigenetic modification. However, there are several
limitations to our study. On the one hand, it was well-known
that keloids are unique to humans. Due to the absence of a
suitable animal model, animal research of keloids generally
relied on excised keloid tissues to construct subcutaneous
transplantation models on nude mice. Regrettably, it was
impossible to investigate the correlation between the immune
system and keloid formation with these models. On the other
hand, relatively few keloid patients need to undergo surgical
resection within the limited period of this study. Therefore, it
is difficult to collect a large number of samples, which is a general
limitation of keloid research. The further large-scale analysis will
be required in the future. Furthermore, whether circCOL5A1
involved in promoting the pathological phenotype of keloids
through interacting with RBPs required further exploration.

In summary, we identified that circCOL5A1 was remarkably
upregulated in keloids, while miR-7-5p was remarkably
downregulated. Meanwhile, our research provided the first line
of exhaustive evidence that circCOL5A1 acted as a ceRNA
by adsorption of miR-7-5p to release Epac1 to regulate HKFs
proliferation, migration, apoptosis, and ECM deposition.
Furthermore, si-circCOL5A1 resulted in suppressing the Epac1-
induced PI3K/Akt signaling pathway to partially reverse the
pathological phenotype of hyperproliferation and invasive
growth (Figure 7). Consequently, our findings elucidated the
pivotal role of circCOL5A1 in the etiology and pathogenesis of
keloids and might shed novel light on diagnostic and therapeutic
strategies for keloids.
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Decitabine (DAC) is considered to be a profound global DNA demethylation, which can
induce the re-expression of silenced tumor suppressor genes. Little is known about the
function of tumor suppressor gene FOXO1 in myelodysplastic syndromes (MDS). To
address this issue, the study firstly investigated differentially expressed genes (DEGs) for
DAC treatment in MDS cell lines, then explored the role of FOXO1 through silencing its
expression before DAC treatment in MDS. The results showed that FOXO1 exists in a
hyperphosphorylated, inactive form in MDS-L cells. DAC treatment both induces FOXO1
expression and reactivates the protein in its low phosphorylation level. Additionally, the
results also demonstrated that this FOXO1 activation is responsible for the DAC-induced
apoptosis, cell cycle arrest, antigen differentiation, and immunoregulation in MDS-L
cells. We also demonstrated DAC-induced FOXO1 activation upregulates anti-tumor
immune response in higher-risk MDS specimens. Collectively, these results suggest that
DAC induces FOXO1 activation, which plays an important role in anti-MDS tumors.

Keywords: myelodysplastic syndromes, DEGs, FOXO1, PTEN, TLR4

INTRODUCTION

Myelodysplastic syndrome (MDS) is a set of highly heterogeneous myeloid neoplasms, featured
by variable cytopenias, inefficient hematopoiesis and a proportionable risk of progression to acute
myeloid leukemia. The incidence of MDS in the elderly gradually increases with age, which is
one of the main factors that threaten the quality of life and survival of the elderly. Although 3
therapies targeting MDS have been approved since 2004, the overall 5-year survival rate remains
relatively poor at approximately 31% without a clear temporal improvement in outcomes (Zeidan
et al., 2019). The heterogeneity of MDS requires a variety of complex and personalized treatments.
Precision determination of prognosis is a key to select an suitable therapy and to forecast the
prognosis of patients with MDS. According to the International Prognostic Scoring System (IPSS)
or revised IPSS (IPSS-R), approximately 30% of patients are categorized as higher-risk groups
(Greenberg et al., 1997, 2012). Hypomethylating agents (HMAs), such as decitabine (DAC), are
approved as the first-line treatment option for higher- risk MDS. DAC has a wide range of
therapeutic mechanisms for MDS, which reactivates silenced tumor suppressor genes, increases
expression of cancer-testis antigens (CTAs), and regulates immune checkpoint molecules (Chang
et al., 2017; Zhang et al., 2017a,b). Previous studies have shown that epigenetic silencing of tumor
suppressor genes results in the growth advantage of a clonal subpopulation of MDS. This epigenetic
modification is reversible, and methyltransferase inhibitors, such as DAC, will reverse the situation
and reactivate the silenced tumor suppressor genes (Itzykson and Fenaux, 2014). The “O” subclass
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of the forkhead transcription factors (FOX) family is considered
important tumor suppressor genes. FOXO genes exist widely
in various organisms, they play an important role in the
lifespan of invertebrates and mammals, and they inhibit tumor
proliferation and regulate energy metabolism and induce cellular
responses (Link and Fernandez-Marcos, 2017). In fact, a study
has studied the effects of DAC treatment on the myeloid MDS
cell line SKM-1 and investigated the role of FOXO3A in DAC-
dependent treatment (Zeng et al., 2017). Currently, no studies
have investigated the pathogenesis of FOXO1 in MDS.

FOXO1, also known as forkhead in rhabdomyosarcoma-
like protein 1 (FKHRL1), is another key transcription factor
of the FOX family with important roles in anti-oxidative
enzymes, cell cycle arrest, apoptosis, autophagy, metabolic and
immune regulators, which make it a super transcription factor
with complex activities it a super transcription factor with
complex activities (Murtaza et al., 2017; Jiang et al., 2018).
It is characterized by the existence of a unique forkhead
DNA binding domain, a highly conserved wing-helix motif,
and regulation the transcription of a variety of downstream
genes (Chen et al., 2019). The function of FOXO1 is not
only regulated by microRNAs, which play important roles
in destabilizing or attenuating the translation of FOXO1
mRNA, but also by post-translational modifications (such
as phosphorylation, acetylation, and ubiquitination), which
ultimately affect its nuclear/cytoplasmic transport and thus
its cellular localization (Xing et al., 2018). After FOXO1 is
phosphorylated, p-FOXO1 binds to the cytoplasm by 14-3-3
proteins and is involved in the subsequent interaction with
ubiquitin E3 ligases, which induces its degradation, FOXO1 is
inactivated and its target gene is down-regulated (Brownawell
et al., 2001). Furthermore, FOXO1 is directly or indirectly
regulated by other protein kinases (such as AKT, MAPK1, and
PTEN). FOXO1 is considered as a potential tumor suppressor
gene that participates in regulating the differentiation of a variety
of cells and plays a role in inhibiting tumor cell proliferation
(Ushmorov and Wirth, 2018). An increasing number of studies
have confirmed that the re-expression and activation of FOXO1
in tumor cells has great potential in anti-tumor therapy
(Shi et al., 2018).

In this study, we investigated the effects of a low concentration
of DAC (1 µM) on differentially expressed genes (DEGs), cell
apoptosis, cycle arrest, differentiation, and immunoregulation in
MDS cell lines and patients. In addition, we also investigated
the role of FOXO1 in DAC-dependent processes by measuring
the expression level and activity of this gene and its downstream
targets after DAC treatment.

RESULTS

Transcriptome Profiling of MDS Cell
Lines Following DAC Treatment
The GEM analysis of MDS-L cell showed 1,745 differentially
expressed genes compared with the control: 842 were
upregulated, while 903 genes were downregulated. The
GEM analysis of SKM-1 cell showed 1,303 differentially

expressed genes compared with the results of the control: 541
were upregulated, while 762 genes were downregulated. The
overlap among the 2 cell lines contained 256 genes. Among
them, 89 genes were upregulated together and 167 genes were
downregulated together.

GO Terms and Pathways Enriched by
DEGs
The GO analysis revealed that MDS cell line DEGs are involved
in the process of immune-related response. Biological process
(BP) was mainly enriched in defense response to virus, immune
response, inflammatory response, intrinsic apoptotic signaling
pathway in response to DNA damage, and positive regulation
of inflammatory response (Figure 1A). For cellular component
(CC), enrichment of DEGs was mainly enriched inside the
chromosome, chromosomal part, and nuclear chromosome
(Figure 1B). For molecular function (MF), enrichment of
DEGs was primarily in transcription factor binding, identical
protein binding, and protein dimerization binding (Figure 1C).
KEGG pathway analysis showed that DEGs enrichment occurred
principally in the FOXO signaling pathway, Epstein-Barr virus
infection, cellular senescence, cell cycle, and hematopoietic
cell lineage (Figure 1D). Overall, there were significantly
altered transcripts participating in the FOXO signaling pathway,
cell cycle, Toll-like receptor signaling pathway, hematopoietic
cell differentiation, inflammatory response, and p53 signaling
pathway (Figure 1E).

Functional Network of DAC-Induced
Transcripts
The subnetwork enrichment analysis of DAC induced immune
related transcripts in MDS cell lines identified TP53, FOXO1,
TLR4, TLR8, S100A8, S100A9, CD14, and CXCL10 as highly
interconnected genes, and are likely to be the potential
hubs of the immunity functional network (Figure 2). The
FOXO1 signaling pathway containing genes AKT3, ATM,
BCL2L11, BCL6, BNIP3, CAT, CCND2, CDK2, FBXO32,
FOXO1, HOMER1, IL6, IL7R, KLF2, MAPK11, MAPK14,
MAPK8, MAPK9, PCK1, PCK2, PIK3CD, PIK3CG, PIK3R1,
PTEN, SMAD2, SMAD3, and TNFSF10 are biologically linked
to numerous signal pathways, including cell apoptosis, cell
cycle, cell differentiation, and immune system. In this study, we
concentrated especially on the effect of FOXO1 on biological
characteristics in MDS.

DAC Induces Apoptosis in MDS-L Cells
As DAC exposure time expanded, the percentages of apoptotic
cells increased significantly (Figure 3A). Annexin-V-FITC/PI
double labeling confirmed the rate of apoptosis. The labeling
showed a gradual increase in apoptosis on days 3rd and 5th day,
confirming that with the increase in early apoptotic cells is the
most significant rate (Figure 3B).

In the absence of DAC, the expression of activated FOXO1
was very low in MDS-L cells, but after the initiation of treatment
on days 3 and 5, the expression of activated FOXO1 gradually
increased, rather than the non-activated phosphorylated form
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FIGURE 1 | GO analysis and KEGG analysis. Results of BP (A), CC (B), and MF (C) in GO analysis revealed the relationship between hub genes and functional
pathways. Top 10 pathway enrichment was shown by bubble chart (D) in KEGG analysis. The FDR < 0.05 was considered as significance. BP, biological process;
CC, cellular component; MF, molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes. DEGs PPI network was constructed containing 256 DEGs
based on the STRING online database (89 upregulated DEGs labeled in red and 167 downregulated DEGs labeled in green). The size of dots represents the node
degree (E).
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FIGURE 2 | MCODE analysis. MCODE analysis based on the degree of importance, and six main subnetworks were displayed. Upregulated genes are marked in
red; downregulated genes are marked in green. The size of dots represents the node degree. (A–F) Showed the six main subnetworks using MCODE analysis.

(p-FOXO1). The expression of p-FOXO1 gradually decreased,
indicating that FOXO1 mainly exists in an inactive form in
MDS-L cells. With the prolonged action of the drug, DAC
can induce FOXO1 activation in MDS-L cells (Figure 3C).
The expression of target protein downstream of apoptosis-
related FOXO1 was also detected. As shown in Figure 3C,
measurable expression of apoptosis-related proteins Bim, Puma,
and FasL was observed in untreated MDS-L cells. After
DAC treatment, Bim, Puma, and FasL protein expression
increased significantly with the increase of exposure time to
drug (Figure 3C).

To investigate the role of FOXO1 in DAC-induced MDS-L
cell apoptosis, we suppressed FOXO1 expression by targeting
siRNA before DAC treatment. Western blot displayed that siRNA
targeting FOXO1 decreased FOXO1 expression approximately
72% compared to negative control siRNA. After DAC treatment,
FOXO1 expression increased obviously in negative control
siRNA-treated MDS-L cells. In contrast, the expression of
FOXO1 showed no significant increase when cells were treated
with FOXO1-targeted siRNAs (Figure 3D). These data confirm
that FOXO1 expression is inhibited by siRNA. We also observed
that silencing FOXO1 expression helped to suppress Bim
expression after DAC treatment, but not the expression of Puma
and FasL protein, suggesting that the presence and activation of
FOXO1 plays a crucial role in the activation of Bim (Figure 3D).

After knockdown of FOXO1, apoptosis assay indicated that
silenced FOXO1 did not significantly affect the later apoptosis
of MDS-L cells, but significantly decreased early apoptosis of

MDS-L cells, suggesting that FOXO 1 activation is involved
mostly in the early stages of DAC-induced apoptosis (Figure 3E).

DAC Induces Cell Cycle Arrest in MDS-L
Cells
After DAC treatment, the ratio of cells in S phase decreased
significantly, while the proportion of cells in G0/G1 phase
increased, indicating that cell cycle arrest was induced by G0/G1
blockade (Figures 4A,B). The influence of DAC treatment
on cell cycle gene expression was also observed. CDKN1A,
CDKN1B, CCND1, and CCND2 are downstream genes targeted
by FOXO1 and are disordered in a multiple of tumors. As shown
in Figure 4C, the expression of CDKN1A and CDKN1B was
scarce in untreated MDS-L cells, but after DAC treatment, the
expression of CDKN1A and CDKN1B was upregulated with drug
maintenance application. Conversely, a significant decrease in
CCND1 and CCND2 expression was observed in the presence of
DAC (Figure 4C).

Then, we studied the effect of silent FOXO1 on CDKN1A,
CDKN1B, CCND1, and CCND2. Compared with control siRNA,
silencing FOXO1 had significant effects on the cell cycle. The
expression of FOXO1 downstream targets CDKN1A and CCND1
were obviously affected, whereas silencing FOXO1 had no
significant effect on CDKN1B and CCND2 (Figure 4D). In the
presence of FOXO1 silencing, DAC showed no obviously ability
to regulate either CDKN1B and CCND2 protein expression,
indicating FOXO1 has a regulatory effect to CDKN1A and
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FIGURE 3 | Decitabine (DAC) induces apoptosis in MDS-L cells. Annexin-V-FITC/PI assay showed that apoptosis occurred in MDS-L cells with DAC prolonged
exposure time (A). FCM assay detected that DAC treatment could induce both early and late apoptosis in MDS-L cell (B). Western blot found that FOXO1, Bim,
Puma, and FasL in MDS-L cells increased with p-FOXO1 protein decreasing after DAC treatment (C). FOXO1 silencing had no obviously influence on Puma and
FasL, but decreased the expression of Bim that was observed following DAC treatment (D). MDS-L cell early apoptosis was partly inhibited after FOXO1 silencing
and could not be significantly induced by subsequent DAC treatment (E). **Student’s t-test P < 0.01.

CCND1 (Figure 4D). The increase in the proportion of S phase
cells in MDS-L following knockdown of FOXO1 was not totally
reversed by subsequent DAC treatment, suggesting that FOXO1
activation plays an indispensable role in DAC-induced cell cycle
arrest (Figure 4E).

FOXO1 Contributes to DAC-Induced
MDS-L Cell Differentiation
MDS-L cells were positive for CD34, c-Kit, HLA-DR, CD13,
and CD33, and partially positive for CD41 and negative for

CD3, CD14, CD20, and CD235a (Tohyama et al., 1994). The
expression levels of myeloid cell antigen CD13, T lymphocyte
cell marker CD3, monocyte differentiation marker CD14,
B lymphocyte differentiation marker CD20, and erythroid
cell differentiation marker CD235a on the surface of DAC
treated MDS-L cells were detected. The expression levels
of CD3, CD14, and CD20 on the surface of MDS-L cells
increased after DAC treatment, accompanied by antigen
changes, with CD13 showing a significant decrease after
treatment, while the expression of CD235a showed no
obvious change during DAC treatment. As DAC action
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FIGURE 4 | Decitabine induces cell cycle arrest in MDS-L cells. Annexin-V-FITC/PI assay showed that DAC treatment could decrease cells in S phase and arrest
MDS-L cells in G0/G1 and G2/M phases (A,B). Western blot found that CDKN1A and CDKN1B in MDS-L cells increased with CCND1 and CCND2 protein
decreasing after DAC treatment (C). FOXO1 silencing had no obviously influence on CDKN1B and CCND1, but decreased the expression of CDKN1A and CCND2
that was observed following DAC treatment (D). DAC-induced reduction of MDS-L cells in the S phase was significantly attenuated after silencing FOXO1 (E).
**Student’s t-test P < 0.01 and *P < 0.05.

time was prolonged, the expression levels of CD3, CD14, and
CD20 continued to increase in a time-dependent manner
(Figures 5A,B).

No significant difference in cell differentiation antigen
expression was observed between MDS-L cells in which
FOXO1 was the silenced and non-silenced control. However,
when FOXO1 siRNA-MDS-L cells were treated with DAC,
the observed increase in CD3-positive cells were significantly
reduced compared to cells bearing negative control siRNA
(Figure 5C), indicating that silencing FOXO1 before DAC
treatment weakens, but does not eliminate the differentiation of

DAC-induced MDS-L cells into antigen molecules. Therefore,
the above studies indicate that FOXO1 activation contributes to
DAC-induced MDS cell differentiation.

FOXO1 Contributes to DAC-Mediated
TLR-4 Augment in MDS-L Cells
The PTEN/PI3K/AKT/FOXO1 signaling pathway is a major
signaling pathway involved in cell proliferation, apoptosis,
metastasis, and immunoregulation, and its cascade reaction
pathway occupies an important position in the signal
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FIGURE 5 | FOXO1 contributes to DAC-induced MDS-L cell differentiation. CD3 expression on CD13 was significantly induced in MDS-L cells treated with DAC for
different action times (A). The percentage of CD13 expressing CD3, CD14, and CD20 antigen increased following DAC treatment (B). Surface CD3 and CD13
expression had clearly no change between FOXO1 siRNA and negative control siRNA in MDS-L cells, while surface CD3 expression was impaired in FOXO1 siRNA
compared with negative control siRNA in DAC-treated MDS-L cells (C). Western blot showed that PTEN, FOXO1, and TLR4 in MDS-L cells increased with p-PI3K
and p-AKT protein decreasing after DAC treatment (D). FOXO1 silencing had no obviously influence on PTEN, but decreased the expression of TLR4 that was
observed following DAC treatment (E). **Student’s t-test P < 0.01 and *P < 0.05.

transduction process (Jiang et al., 2018). In this study, the
protein expression of PTEN, FOXO1, p-PI3K, p-AKT, and
TLR-4 was also detected employing western blot. The results
showed that the protein expression of PTEN, FOXO1, and TLR-4
increased after DAC treatment, accompanied by significant
decreases in p-PI3K, and p-AKT (Figure 5D). Compared
with the negative control group, FOXO1 siRNA-MDS-L
cells treated with DAC, the expression of PTEN showed
significant upregulation, but the expression of FOXO1
and TLR-4 showed a significant decrease (Figure 5E).
Thus, DAC induces PTEN, which in turn activates FOXO1

signaling, leading to the activation TLR4-driven innate
immune response.

FOXO1 Contributes to DAC-Mediated
Immune Activation in MDS Patients
Because MDS-L lacks innate and adaptive immune cells, MDS
patient specimens were used to verify the effect of FOXO1
on innate and adaptive immunity in vivo. The transcriptional
profiling of 84 genes involving innate and adaptive immune
processes were evaluated after 4 courses DAC treatment in 3
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FIGURE 6 | Hierarchical heat map showing the gene DEGs in immune processes after DAC treatment. Normalized log2 transformed values as determined by RT2

Profiler Human Innate and Adaptive Immune Responses PCR Array in T lymphocytes of 3 matched MDS patients collected at non-DAC and 4-course-DAC
treatment. Each column represents one MDS patient, each horizontal line refers to one gene. The cutoff value of log fold change as >1.5 or <−1.5 and false
discovery rate <0.01 was considered (A). The bar charts showed that expression of FOXO1, T-bet, STAT1, PD-1, PDL-1 increased significantly after DAC treatment

(Continued)
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FIGURE 6 | Continued
(B). Western blot showed that FOXO1, p-STAT1, p-STAT3, and T-bet in one MDS patient increased with p- FOXO1 protein decreasing after DAC treatment (C).
Using the GEPIA (Gene Expression Profiling Interactive Analysis) dataset (http://gepia.cancer-pku.cn/), we compared the mRNA expression of FOXO1 between
different tumors and normal tissues. The results indicated that the expression levels of FOXO1 were obviously higher in normal tissues than in tumors. The gene
expression profile across different tumor samples and paired normal tissues (Bar plot). The height of bar represents the median expression of certain tumor type or
normal tissue (D). Utilizing an online tool (The Human Protein Atlas which aim to map all the human proteins in cells, tissues and organs using integration of various
omics technologies, https://www.proteinatlas.org/), we explored the mRNA expression of FOXO1 in immune cells. The results show FOXO1 plays an important role
in immune cell development (E). * means P < 0.05.

matched MDS patients (n = 3) (Supplementary Table 1). The
transcriptional profiling analysis was performed on isolated T
cells. A total of 37 (44%) genes were differentially expressed after
DAC treatment with fold changes >2.5 (Figure 6A). Among
these, a total of 23 (27.4%) innate and adaptive immunity
genes were significantly upregulated. The altered transcriptional
profiling of MDS T cells was characterized by the upregulation of
innate and adaptive immunity genes. Meanwhile, the expression
of FOXO1, STAT1, T-bet, PD-1, and PD-L1 was also detected in
12 paired MDS patients by RT-PCR due to the limiting amount
of the panel. As shown in Figure 6B, the mRNA level of FOXO1,
T-bet, STAT1, PD-1, and PD-L1 was highly upregulated after 4
courses of DAC treatment. Furthermore, the protein expression
level of FOXO1, p-FOXO1, p-STAT3, and T-bet was detected
by western blot in 1 MDS patient. As shown in Figure 6C,
the expression of activated FOXO1, p-STAT1, p-STAT3, and
T-bet increased, while the expression of non-activated p-FOXO1
reduced after DAC treatment. Therefore, the above studies
demonstrate that FOXO1 activation contributes to DAC-induced
immune activation in MDS.

DISCUSSION

Myelodysplastic syndromes indicates that the status of pre-
leukemia with ineffective hematopoiesis, featured by bone
marrow dysplasia that easily progresses into acute myeloid
leukemia (Steensma, 2018). For higher-risk MDS patients who
are not suitable for transplant, HMAs are most appropriate.
DAC are therapeutic agents and have already been used in
treatment of higher-risk MDS and acute myeloid leukemia for
many years. DAC can play a role in decreasing MDS clonal
burden, then resulting in improved hematopoiesis, but do not
eradicating tumor stem cells, so relapse is inevitable tendency.
The mechanism of action of DAC is still not fully understood, and
may result from a combination of conventional cytotoxic, DNA
hypomethylation and immune-related mechanisms including
changes in interferon signaling and presentation of neoantigens
as epitopes to the immune system (Licht, 2015; Chiappinelli
et al., 2017). Once DAC fails due to intolerance, resistance,
or relapse after a favorable response, the approved second-
line therapy is limited, the outlook is poor, and the median
survival time is less than 6 months (Jabbour et al., 2010; Prébet
et al., 2011; Montalban-Bravo et al., 2018). Therefore, clarifying
the mechanism underlying DAC is required to improve the
treatment effect in MDS.

Decitabine is considered as a rapid and profound global DNA
demethylation, as well as site-specific promoter demethylation

of many genes including cancer suppressor genes and immune-
related genes (Wolff et al., 2017; Seelan et al., 2018). In this
study, using the DEG analytical method, the data suggest that
multiple genes and multigenic pathways were regulated by DAC.
For example, DAC could activate the interferon signaling and p53
signaling pathway induce further biological process in pathway
analysis as previous reports (Chang et al., 2017; Zhang et al.,
2017a,b). However, this study focused on the mechanism of
tumor suppressor gene FOXO1 in DAC -dependent processes.
The results indicated that FOXO1 is hyperphosphorylated in
MDS-L cells and thus inactivated. DAC treatment activates
FOXO1 by increasing its gene expression and reducing its
protein phosphorylation, leading to up-regulation of downstream
effectors Bim, Puma, FasL, CDKN1A, and CDKN1B and down-
regulation of downstream cell cycle effectors Cyclin D1 and
Cyclin D2. Furthermore, DAC-induced differentiation of MDS-
L cells into lymphocytes and monocytes, MDS-L cell cycle arrest,
apoptosis, and immune activation were also observed.

Forkhead box O (FOXO) transcription factors, including
FOXO1 (FKHR), FOXO3a (FKHRL1), FOXO4 (AFX), and
FOXO6, have also been increasingly recognized as tumor
suppressors through serving as pivotal connection points to
allow stress signals, proliferative nutrient and diverse to cluster
and integrate with distinct gene networks to control cell fate,
metabolism, and cancer development (Farhan et al., 2017;
Jiramongkol and Lam, 2020). As shown in Figure 6D, FOXO1
expression is reduced in most tumors and appears to act as a
tumor suppressor gene. In this study, similar to the effect of
FOXO3A activation in the SKM-1 cell line (Zeng et al., 2017),
active FOXO1 also plays an important role in suppressing MDS-
L by inducing apoptosis and by supressing progression of cell
cycle. In contrast to active FOXO3A, our research confirmed
that activated FOXO1 tends to directly regulate Bim gene, which
is consistent with previous research (Dijkers et al., 2000, 2002).
That is, activated FOXO1 is translocated to the nucleus, binding
to the Bim promoter and induces the transcription of the Bim
gene. However, FOXO1 activation showed a limited regulation
effect on Puma and FasL expression by silencing FOXO1, which
shows that DAC may up-regulate the expression of Puma and
FasL in other ways. Therefore, it is possible that the apoptosis
induced by DAC is mainly mediated through the mitochondrial
apoptosis pathway. Through a similar silencing FOXO1 gene
function test, we also found that FOXO1 has a more closely
regulatory effect on CDKN1A and CCND2 than on CDKN1B and
CCND1 (Schmidt et al., 2002).

Next, we focused on the role of FOXO1 in the MDS
immune microenvironment. As shown in Figure 6E, FOXO1
also inherently controls the anti-tumor immune response and
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the homeostasis and development of immune cells, including
T cells, B cells, natural killer (NK) cells, macrophages, and
dendritic cells. However, the mechanism of FOXO1 in the MDS
immune environment has not been reported so far. In the
past decade, aberrant immune activation in lower risk MDS
and impaired anti-leukemic immunity in higher risk Malignant
clones as well as MDS in the bone marrow microenvironment
were identified as key pathogenic drivers of MDS. Multiple
mechanisms are involved in higher risk MDS to promote
immune tolerance (Ivy and Brent, 2018; Sallman and List, 2019).
Several reports have demonstrated that higher risk disease is
accompanied by an increase in myeloid-derived suppressor cells
(MDSCs), along with regulatory T cells (Tregs) augmentation
(Gabrilovich and Nagaraj, 2009; Kittang et al., 2015). One effect
of increasing suppressive cell subsets is to reduce cytotoxic anti-
leukemia immunity. The activation and function of NK cells
and cytotoxic T lymphocytes (CTL) play important cytotoxic
activity in response to myeloid neoplasms, but their functions
are reduced in high-risk MDS (Epling-Burnette et al., 2007;
Kotsianidis et al., 2009). In our study, the results showed that
DAC promotes the differentiation of MDS-L cell surface antigen
into lymphocytes and monocytes through activating FOXO1.
Further PTEN/PI3K/AKT/FOXO1 pathway study confirmed that
DAC upregulates PTEN gene expression, thereby inhibiting
the phosphorylation of PI3K and AKT and releasing FOXO1
inhibition. Activated FOXO1 can upregulate TLR4 expression,
thereby activating the MDS innate immune system. The results
were consistent with previous studies, FOXO1 is a key regulator
of many inflammatory factors, such as TRL4, NF-κB, tumor
necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-18, via the
TLR4/NF-κB signaling pathway (Kamo et al., 2013; Li et al.,
2016). In the specimens of MDS patients, we further verified that
with the increased expression of FOXO1, there is a wide range of
upregulation and activation of type I immune cell transcription
factors and up-regulation of cellular immune functions, thereby
enhancing anti-leukemia effects and inhibiting the growth of
MDS malignant clones. All the results demonstrated that DAC
can activate FOXO1 to enhance anti-tumor immune effect in
higher risk MDS.

Accumulating evidence has shown the paradoxical intrinsic
role of the FOXO1 in cancer, which can act as a tumor
repressor while also maintaining cancer stem cells (Sykes et al.,
2011; Long et al., 2020). The regulatory role of FOXO1 in
tumor immunity is equally confusing (Deng et al., 2018). DAC
also has a double-edged sword effect on the regulation of
MDS immune function. The global demethylation of DNA can
induce anti-tumor effects. It can also upregulate the expression
of inhibitory immune checkpoint receptors and their ligands,
resulting in secondary resistance to DAC (Wolff et al., 2017).
Due to the limitation of conditions, we do not have a suitable
animal model of MDS to further verify activated FOXO1
and their extracellular factors in cancer cells, stromal cells,
and immune cells. These factors have a profound effect on
promoting or inhibiting anti-cancer immunity in the tumor
microenvironment. The effect of activated FOXO1 on the
prognosis and survival of MDS disease also requires further
long-term follow-up. Based on the above findings, we agree

with assumption of Wolff F, who proposed a role for FOXO1
as a rheostat, which regulates both immune homeostasis and
the immune response in cancer immunity. In the future,
further study is needed to better understand the role of
FOXO1 in MDS pathogenesis. It will be interesting to better
understand each molecule and each cell type regulated by FOXO1
directly in the settings of cancer patients or tumor models
(Tirosh et al., 2016).

In conclusion, this study showed that silencing FOXO1
expression impaired DAC-induced apoptosis, cell cycle arrest,
and cellular differentiation, which potentially may be due to the
observed down-regulation of Bim, CDKN1A, and CCND1. DAC-
induced TLR4 upregulation was mainly reversed by FOXO1
silencing, which could explain the partial reversal of DAC-
induced immune activation observed when FOXO1 expression
was knocked down. It was found that the up-regulation of innate
and adaptive immunity genes after DAC treatment, as well as
the subsequent increase in T-bet, p-FOXO1, and p-STAT3 in
MDS samples, were related to the up-regulation and activation
of FOXO1 induced by DAC. Collectively, DAC induces FOXO1
activation, which plays an important role in anti-MDS tumors.

MATERIALS AND METHODS

Cell Culture and DAC Treatment
MDS-L cells were donated by Prof. Tohyama (Tohyama et al.,
1995). MDS-derived leukemia cell line SKM-1 cells were donated
by Prof. Nakagawa (Nakagawa and Matozaki, 1995). Cell lines
were cultured in RPMI 1640, which contained 10% heat-
inactivated fetal bovine serum and 1% penicillin-streptomycin
at 37◦C in a humidified atmosphere containing 5% CO2.
Furthermore, IL-3 (100 U/ml) is essential for MDS-L cells. When
cells reached the logarithmic growth phase, they were seeded at
a density of 5 × 105 cells/ well in 6-well plates and harvested
with five 24-h pulses of 1 µM DAC (Selleck Chemicals LLC,
Houston TX, United States) and collected after the treatment
(Zhang et al., 2017b).

RNA Preparation and Gene Expression
Microarray (GEM)
As previously described, according to the manufacturer’s
instructions, total RNA was extracted from 105 cell lines using
the RNeasy system (Qiagen, Valencia, CA, United States).
A Genechip PrimeviewTM Human Gene Expression Array
(Affymetrix, United States) was used for the GEM study. The
signal intensities were obtained with a Genechip Scanner 3000
7G (Affymetrix) to generate cell intensity files (CEL). Statistical
analysis was performed using Partek Genomics Suite software
(Partek, Inc., St. Louis, MO, United States). The robust multiple
array average (RMA) algorithm was used to normalize the
data. The false discovery rate (FDR) was lower than 0.15 to
minimize the misidentification of genes. Analyzed the changes
of up-regulated or down-regulated genes greater than 1.0 times
(Xu et al., 2014).
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Functional Enrichment Analysis
WebGestalt1 is an automated systematic-analysis tool that
helps understand common and unique way within a set of
orthogonal target discovery researches. The tool is free and well-
maintained, user-friendly gene-list analysis for gene annotation
and analysis. The gene ontology (GO) terms for biological process
(BP), cellular component (CC), and molecular function (MF)
categories, as well as Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways was performed using the WebGestalt online
tool. GraphPad (GraphPad Software, Inc., San Diego, CA,
United States) was used to improve GO graphic analysis. Fisher’s
exact test was used to select the important approach, and the
significance threshold was defined by FDR. P-value < 0.05 was
considered statistically significant. STRING2 was employed to
construct protein–protein interaction (PPI) network of DEGs
for DAC treatment MDS cell lines and the confidence score
of the interaction > 0.4 was considered statistically significant.
Cytoscape was employed to annotate and improve the up-down
regulated genes of PPI. Further, molecular complex detection
(MCODE) APP was applied to identify densely connected
network components (Xu et al., 2014).

Cellular Transfection
MDS-L cells were transfected with either Silencer Select FOXO1
(cat. AM16708) or Silencer Select Negative Control (cat.
AM4611) siRNAs, both of which were purchased from Thermo
Fisher (Thermo Fisher Scientific, Waltham, MA, United States),
and Lipofectamine 3000 reagent (Thermo Fisher Scientific,
Waltham, MA, United States) according to previously reported
literature (Zeng et al., 2017). The harvest time of these transfected
cells was set to 24 h after transfection. Then, the transfected
cells were either cultured or treated with 1 µM of DAC as
needed for 72 h.

Apoptosis Assessment
Cell apoptosis analysis was fulfilled by employing an annexin
V-FITC/PI apoptosis detection kit (BD Biosciences) with
a flow cytometer (FACS Calibur, BD Biosciences, Franklin
Lakes, NJ, United States). According to different experimental
manipulation, MDS-L cells were seeded and inoculated in a 6-
well plate at a density of 105 cells per well. Subsequently, these
cells were first suspended in the binding buffer, and then Annexin
V-FITC (10 µl) and PI (5 µl) were, respectively, supplied to each
well. Finally, The mixture was reacted in the dark for 15 min and
then analyzed using flow cytometry (FCM) (Zhang et al., 2017b).

Cell Cycle Analysis
Wash 5 × 104 cells with cold phosphate-buffered saline (PBS),
fix in 70% ethanol, wash once with PBS, and then re-suspend
in 1 mL of propidium iodide (PI) staining reagent (50 mg/ml of
propidium iodide and 1 mg/ml of RNAse). Before performing cell
cycle analysis, the samples were incubated in the dark for 30 min.
The cell cycle was measured with FACS Calibur. The percentages

1http://www.webgestalt.org/option.php
2http://string-db.org

of cells in the G1, S, and G2 phases were calculated with the
Cellquest software (Xu et al., 2014).

Detection of Cell Surface Markers
DAC-treated MDS-L cells were collected and stained for surface
antigen, 10 µl of PerCP-bound anti-CD3 antibody, APC-bound
anti-CD13 antibody, FITC-bound anti-CD14 antibody, PE-
bound anti-CD20 antibody or PE-bound anti-235a antibody
(Becton Dickinson) was added to the cells and incubated for
15 min at room temperature in the darkness. Cells were then
washed and resuspended in PBS, and surface markers were
analyzed by FCM within 1 h.

Bone Marrow Mononuclear Cells and T
Lymphocytes Preparation
Twelve MDS patients were administered with DAC (product
name: Dacogen, DAC, Xian Janssen Pharmaceutical Ltd.,
20 mg/M2

× 5 days for 4 courses) for immune research
after obtaining informed consent according to the Declaration
of Helsinki and Council for International Organizations of
Medical Sciences International Ethical Guidelines, and ethical
approval was obtained from the ethics review board at The
Sixth Hospital Affiliated with Shanghai Jiao Tong University.
All participants provided written informed consent prior to
enrollment, and the privacy rights of human subjects were
observed. MDS were diagnosed in accordance with the World
Health Organization (WHO) 2016 criteria (Arber et al., 2016),
and the detailed information regarding MDS patients is shown
in Supplementary Table 1. Five milliliters of fresh bone
marrow were aspirated from posterior iliac crests. Bone marrow
mononuclear cells (BM-MNCs) were isolated using Ficoll-
Hypaque gradient (Lymphoprep TM, Niergaard, Oslo, Norway)
for mRNA expression by quantitative real-time polymerase chain
reaction (PCR). BM-MNCs of some MDS patients were carefully
separated into 2 portions, T cells of 1 part were isolated using
MACS CD3+ T microbeads (Miltenyi Biotec), followed by RT2

Profiler PCR Arrays and the rest of the BM-MNCs were used for
western blot analysis (Zhang et al., 2017b).

Western Blot Analysis
Whole cell lysates were obtained from MDS-L cell line or
BM-MNCs of MDS patients, and separate the same amount
of protein by 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), and then blotted onto a
polyvinylidene difluoride (PVDF) membrane. The PVDF
membranes were blocked with Tris-buffered saline (TBS)
containing 5% skimmed milk powder for 1 h, and then incubated
with the primary antibodies (Supplementary Table 2) at 4◦C
overnight. Membranes were incubated with either anti-mouse
or anti-rabbit immunoglobulin G (IgG) horseradish peroxidase-
conjugated secondary antibody (Amersham Biosciences,
Piscataway, NJ, United States). Specific bands were visualized
using ECL Western Blotting Detection Reagents (Amersham
Biosciences, Piscataway, NJ, United States). The intensity of
bands was quantified using Image Lab software version 2.0
(Bio-Rad Laboratories, Hercules, CA, United States), and
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glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as an internal standard (Xu et al., 2014).

RT2 Profiler PCR Arrays
According to the manufacturer’s instructions, 3 matched MDS
patients were isolated from 3 × 106 total T cells RNA using
miRNeasy Micro Kit (Qiagen). RNA concentration and quality
were evaluated by using Nanodrop-ND-1000 (Celbio). According
to the manufacturer’s instructions, cDNA was synthesized
from 250 ng of total RNA using RT2 First Strand Kit
(SABiosciences Corp.), and the expression levels of 84 genes
(Supplementary Table 3) were analyzed by RT2 Profiler Human
Innate and Adaptive Immune Response PCR Array (PAHS-
052Z, SABiosciences Corp). Real-Time PCR amplification
was performed on a 7500 Real-Time PCR System (Applied
Biosystems). The online tool RT2 Profiler data analysis software
(Qiagen) was used for data standardization and statistical
analyses. The threshold cut-off point was based on >2.5-fold
differential expression. The Pheatmap package was used to
investigate the differential expression of immune genes through
PCR Arrays (Serena et al., 2018).

Quantitative Reverse-Transcription
Polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted from BM-MNCs of 12 matched MDS
patients using the RNeasy Mini Kit (QIAGEN, Hilden, Germany)
according to the manufacturer’s instructions. Afterward, reverse
transcription and qRT-PCR were, respectively, fulfilled by
utilizing a Revert-AidTM First Strand cDNA Synthesis Kit
(Fermentas, Burlington, ON, Canada) and SYBR Premix Ex
TaqTM II (Tli RNaseH Plus) (TAKARA, Beijing, China). The
threshold cycles were used to calculate relative expression levels
according to the 2−11Ct method. Relative mRNA expression
levels were normalized to the level of GAPDH. The primer
sequences used in this investigation are shown in Supplementary
Table 4 (Zhang et al., 2017a).

Statistical Analysis
All experiments were performed at least 3 times. The analysis
of flow cytometry data was performed using CellQuest software.
Continuous variables were expressed as mean ± standard
deviation (SD) or median. According to the distribution
of each variable, the comparison was made according to
parameters [Student’s t test, analysis of variance (ANOVA)]
or non-parametric (Mann–Whitney U Test, Kruskal–Wallis).
Categorical variables were compared using Fisher’s exact

tests. The difference was considered statistically significant at
P < 0.05. Statistical analyses were performed using GraphPad
Prism program (GraphPad Software, Inc., San Diego, CA,
United States) or SPSS software (version 22.0).
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The dysregulation of circular RNAs (circRNAs) is implicated in the pathogenesis
of prostate cancer (PCa). However, the underlying mechanisms by which
hsa_circ_0003768 (circPDHX) contributes to PCa remain elusive. The differentially
expressed circRNAs between PCa and normal tissues were identified by Gene
Expression Omnibus dataset. The association of circPDHX and miR-378a-3p
expression with the clinicopathological parameters and prognosis in patients with
PCa was analyzed by fluorescence in situ hybridization and The Cancer Genome
Atlas dataset. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
Transwell assays as well as a xenograft tumor model were used to assess the role of
circPDHX in PCa cells. circPDHX-specific binding with miR-378a-3p was validated by
bioinformatic analysis, luciferase gene reporter, and RNA immunoprecipitation assays.
As a result, we found that increased expression of circPDHX was associated with
Gleason score (P = 0.001) and pathogenic T stage (P = 0.01) and acted as an
independent prognostic factor of poor survival (P = 0.036) in patients with PCa.
Knockdown of circPDHX inhibited cell proliferation and invasion in vitro and in vivo,
but ectopic expression of circPDHX reversed these effects. Furthermore, circPDHX
could sponge miR-378a-3p to promote cell proliferation, but miR-378a-3p counteracted
circPDHX-induced cell proliferation and insulin-like growth factor 1 receptor (IGF1R)
expression in PCa cells. In conclusion, our findings demonstrated that circPDHX
facilitated the proliferation and invasion of PCa cells by sponging miR-378a-3p.

Keywords: prostate cancer, circPDHX, miR-378a-3p, IGF1R, growth, invasion

INTRODUCTION

The morbidity of prostate cancer (PCa) ranks the first place, and it is a second cause of
cancer-related mortality in male cancers in the United States (Siegel et al., 2017). Although
more than 90% patients with PCa can be cured after surgical resection with a higher 5-year
survival rate (Vis et al., 2006), the advanced cases still harbor an unfavorable prognosis due to
the tumor dissemination and metastasis (Huang E. Y. et al., 2018). The aberrant expression of
non-coding RNAs is associated with the pathogenesis of PCa (Shukla et al., 2016; Dong et al., 2018;
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Huang W. et al., 2018). Therefore, identification of novel
biomarkers is urgently needed to increase the early
detection of PCa.

Circular RNAa (circRNAs) as a new subgroup of non-coding
RNAs (ncRNAs) have covalently closed loop structures and more
tissue stability when compared with the corresponding linear
RNAs due to their resistance to RNase R (Qu et al., 2017).
Increasing data indicate that aberrant expression of circRNAs
is involved in the progression of PCa. Low expression of
circ-ITCH is associated with pathologic T stage, lymph node
metastasis, and poor survival in patients with PCa (Huang E.
et al., 2019). Upregulation of circSMARCA5, hsa_circ_102004,
and hsa_circ_0004870 favors the proliferation and enzalutamide
resistance in PCa cells (Kong et al., 2017; Greene et al.,
2019; Si-Tu et al., 2019), but hsa_circ_0001206 inhibits the
proliferation and invasion of PCa cells (Song et al., 2019).
Moreover, circFOXO3 acts as an oncogene by sponging miR-
29a-3p (Kong et al., 2020), while circUCK2 functions as a tumor
suppressor in PCa by sponging miR-767-5p (Xiang et al., 2019).
Until now, the functional role of hsa_circ_0003768 in PCa
remains undocumented.

MicroRNAs (miRNAs) as another subtype of ncRNAs act a
crucial role in the tumorigenesis of PCa (Chen L. et al., 2019;
Huang S. et al., 2019; Zhao et al., 2019), of which miR-378a-3p
is initiated to act as a tumor suppressor in rhabdomyosarcoma
(Megiorni et al., 2014) and facilitates tamoxifen sensitivity in
breast cancer by targeting GOLT1A (Ikeda et al., 2015). In
addition, miR-378a-3p represses myoblasts growth in skeletal
muscle development by targeting HDAC4 (Wei et al., 2016) and
the activation of hepatic stellate cells by targeting Gli3 (Hyun
et al., 2016). The serum levels of miR-378-3p are decreased in
PCa (Nguyen et al., 2013) and may be used as a therapeutic
strategy for PCa.

Herein, we identified a differentially expressed
hsa_circ_0003768 (circPDHX) between PCa and normal
tissue samples and found that elevated expression of circPDHX
was associated with Gleason score, pathogenic T stage, and poor
survival in patients with PCa; circPDHX contributed to the PCa
tumorigenesis by sponging miR-378a-3p and might provide a
potential biomarker for PCa.

MATERIALS AND METHODS

Clinical Samples
The differentially expressed circRNAs between PCa and
normal tissues were downloaded from the Gene Expression
Omnibus (GEO) dataset1. The tissue microarray (No. XT16-016)
including 75 paired PCa samples was purchased from Alenabio
Biotechnology (Xi’an, China). The clinicopathological data
of PCa patients as well as the expression levels of miR-98-5p,
miR-99a-5p, miR-99b-5p, miR-100-5p, miR-182-5p, miR-
378a-3p, miR-494-3p, let-7a-5p, let-7b-5p, let-7c-5p, let-7d-5p,
let-7e-5p, let-7f-5p, let-7g-5p, let-7i-5p, and insulin-like growth
factor 1 receptor (IGF1R) were downloaded from The Cancer

1https://www.gcbi.com.cn/gclib/html/index

Genome Atlas (TCGA) dataset2. The patients did not receive any
chemotherapy, and the protocols were approved by the Ethics
Committee of Shanghai Ninth People’s Hospital.

Fluorescence in situ Hybridization
The probe sequence for circPDHX (5′-
TGGCTGTGGCAACAGATAAA-3′) and biotin-labeled probe
sequences for miR-378a-3p (5′-ACACAGGACCTGGAG
TCAGGAG-3′) were used to analyze the expression of circPDHX
and miR-378a-3p in PCa tissue samples. The detailed description
of fluorescence in situ hybridization (FISH) analysis was
conducted as previously reported (Dong et al., 2018).

Plasmid Construction
The wild-type (WT) or mutant (Mut) 3′ untranslated region
(UTR) vectors of circPDHX and IGF1R, containing miR-
378a-3p binding sites, were constructed by annealing
double-stranded DNA and inserting it into the pmirGLO
vector at the BamHI and EcoRI sites. Lentivirus mediated
si-circPDHX (5′-GACTCTGTAAAGGTTGAAGAA-3′) or
its negative control (si-NC) was constructed by Genechem
(Shanghai, China), and circPDHX plasmids as well as miR-
378a-3p mimic or inhibitor were offered by GenePharma
(Shanghai, China).

Cell Culture
PCa cell lines (PC3 and 22RV1) used in these studies were
provided by the Institute of Chemistry and Cell Biology
(Shanghai, China) and were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS) in a humidified atmosphere
containing 5% CO2 at 37◦C.

Quantitative Real-Time PCR
RNA was isolated from PCa cells using Trizol reagent
(Invitrogen). One Step SYBR R© PrimeScriptTM PLUS RT-
PCR Kit (TaKaRa, Beijing, China) was used to examine the
expression of circPDHX and IGF1R. TaqMan R© MicroRNA
Reverse Transcription Kit and TaqMan Universal Master Mix
II (Thermo Fisher Scientific, Runcorn, United Kingdom) were
used to measure miR-378a-3p expression. U6 or β-actin was
used as an internal parameter. The 2−11CT equation was
used to quantify the data in triplicate. The primer sequences
of circPDHX, miR-378a-3p, and IGF1R were indicated in
Supplementary Table 1.

Western Blot Analysis
Prostate cancer cell lines were harvested, and protein was
extracted using RNA immunoprecipitation assay (RIPA) lysis
buffer (Beyotime) and protease inhibitor (Beyotime). Primary
antibodies against IGF1R (Ab-1161, Signalway, Shanghai, China)
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(ab9485, Abcam) were diluted (1:1,000) and incubated
overnight at 4◦C. Secondary antibody of goat anti-rabbit

2http://xena.ucsc.edu/
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FIGURE 1 | Identification of a novel circPDHX in prostate cancer (PCa) cells. (A) Gene Expression Omnibus (GEO) dataset analysis of the differentially expressed
circular RNAs (circRNAs) between PCa and normal tissues. (B) The genomic loci of the PDHX gene and circPDHX. Arrows represent divergent primers that bind to
the genomic region of circPDHX. (C) Quantitative real-time PCR (qRT-PCR) analysis of circPDHX and PDHX expression levels after treatment with RNase R in PC3
and 22RV1 cells. (D) qRT-PCR analysis of the half-life of circPDHX and PDHX after treatment with actinomycin D in PC3 and 22RV1 cells. (E,F) qRT-PCR and FISH
analysis of the localization of circPDHX in PC3 and 22RV1 cells.

immunoglobulin G (IgG) (ab6721, Abcam, 1:10,000) was
cultured for 1 h at room temperature. After rinsing, the
polyvinylidene fluoride (PVDF) membrane of the antibodies was
transferred onto the system. Captured signal was quantified by
Image Lab Software 3.0 (Bio-Rad), and GAPDH was used as an
internal parameter.

MTT and Transwell Assays
Cell viability and invasive potential were assessed by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) and Transwell assays according to the previous report
(Dong et al., 2018).

Actinomycin D and RNase R Treatment
Transcription was prevented by the addition of 2 mg/ml
actinomycin D, and dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, St. Louis, MO, United States) was used as the
control group. Total RNA was incubated for 30 min at 37◦C
with 3 U/µg of RNase R (Epicentre Technologies, Madison,
WI, United States).
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FIGURE 2 | Increased expression of circPDHX was associated with poor survival in patients with prostate cancer (PCa). (A) Quantitative real-time PCR (qRT-PCR)
analysis of the expression levels of circPDHX in PCa and normal tissues (n = 5). (B) Fluorescence in situ hybridization (FISH) analysis of the expression levels of
circPDHX in pair-matched PCa tissue samples (n = 75). (C) FISH analysis of the expression levels of circPDHX in PCa tissues with different Gleason scores.
(D) Kaplan–Meier analysis of the association of high or low circPDHX expression with overall survival in patients with PCa.

Dual-Luciferase Reporter Assay
PCa cells were seeded into 24-well plates, and pmirGLO
report vectors containing WT or Mut 3′UTR of circPDHX
and IGF1R were cotransfected with miR-378a-3p mimic
or inhibitor into PC3 and 22RV1 cell lines. After the
transfection for 48 h, luciferase activities were detected
with a dual-luciferase reporter system (Promega, Madison,
WI, United States).

RNA Immunoprecipitation
RNA immunoprecipitation (RIP) assay was conducted using
a Magna RIP RNA-Binding Protein Immunoprecipitation Kit
(Millipore, Billerica, MA, United States) according to the
manufacturer’s instructions.

Animal Experiments
Six-week-old female immune-deficient nude mice (BALB/c-
nu) were injected subcutaneously with 5 × 107 PC3 cells
stably transfected with si-circPDHX or si-NC. Mice were
monitored daily and developed a subcutaneous tumor. The
tumor volume was detected every other day by using a formula:
volume = length× width2/2. This study was approved by Animal
Ethics Committee of our hospital.

Statistical Analysis
Statistical analyses were conducted by SPSS 20.0 (IBM, SPSS,
Chicago, IL, United States) and GraphPad Prism. Student’s t-test
or chi-square test was used to assess the statistical significance
for comparisons of two groups. Pearson correlation analysis

was used to analyze the correlations. Overall survival curve
was analyzed with the Kaplan–Meier method and log-rank test.
Univariate and multivariate analyses were implemented by a Cox
proportional hazard regression model. P < 0.05 was considered
statistical significance.

RESULTS

Identification of a Novel CircPDHX in
PCa Cells
A microarray chip (GSE113124) was used to screen differentially
expressed circRNAs between PCa and normal tissues. With the
criteria of P < 0.01 and FC > 1.5, 546 downregulated circRNAs
and 432 upregulated circRNAs were identified in PCa tissue
samples, of which hsa_circ_0003768 had a significantly increased
expression in PCa tissues (FC = 2.63, P = 0.0009; Figure 1A).

We found that hsa_circ_0003768 (chr11:34978930-35006275)
originated from exon 6, eight regions within the pyruvate
dehydrogenase complex component X (PDHX) locus and is
termed as circPDHX (Figure 1B). Compared with linear PDHX,
circPDHX gave rise to a resistance to RNase R treatment in PC3
and 22RV1 cell lines, and circPDHX had a loop structure in PCa
cells (Figure 1C). After PC3 and 22RV1 cell lines were treated
by a transcription inhibitor actinomycin D, quantitative real-time
PCR (qRT-PCR) analysis showed that the half-life of circPDHX
reached more than 24 h, but that of PDHX was <6 h in these
two cells (Figure 1D). qRT-PCR and FISH analysis revealed that
circPDHX was mainly localized in the cytoplasm of PCa cells
(Figures 1E,F).
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FIGURE 3 | circPDHX promoted prostate cancer (PCa) cell proliferation, colony formation, and cell invasion. (A) Quantitative real-time PCR (qRT-PCR) analysis
of the expression levels of circPDHX after transfection with si-circPDHX or circPDHX plasmids in 22RV1 and PC3 cell lines. (B,C) 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) analysis of the cell proliferation after transfection with si-circPDHX or circPDHX plasmids in 22RV1 and PC3 cell lines. (D,E)
Transwell analysis of cell invasion after transfection with si-circPDHX or circPDHX plasmids in 22RV1 and PC3 cells. (F,G) Colony formation analysis of the cell colony
formation abilities after transfection with si-circPDHX or circPDHX plasmids in 22RV1 and PC3 cell lines. Data shown are the mean ± SEM of three experiments.
*P < 0.05; **P < 0.01.

Elevated Expression of CircPDHX Was
Associated With Poor Survival in
Patients With PCa
The expression of circPDHX was examined in PCa tissues by
qRT-PCR analysis, which indicated that circPDHX expression
levels were increased in PCa tissue samples as compared
with the pair-matched normal tissues (P < 0.01; Figure 2A).
This result was further validated by FISH analysis in paired
75 PCa samples (P = 0.0187; Figure 2B). We then analyzed
the association of circPDHX expression with Gleason scores
in PCa and found that circPDHX expression levels were
elevated gradually with increased Gleason scores (P < 0.05;
Figure 2C).

According to circPDHX expression levels, survival time, and
status, cutoff value (495.56), area under curve (AUC) (0.64),
sensitivity (80.0%), and specificity (58.7%) of circPDHX were
achieved in patients with PCa (Supplementary Figure 1) by using
a cutoff finder3. As indicated in Supplementary Table 2, the
elevated expression of circPDHX was positively associated with

3http://molpath.charite.de/cutoff/load.jsp

Gleason score (P = 0.001) and pathogenic T stage (P = 0.01)
in patients with PCa. Kaplan–Meier analysis demonstrated that
the patients with high circPDHX expression harbored a poorer
survival as compared with those with low circPDHX expression
(P = 0.0169; Figure 2D). Univariate and multivariate analyses
unveiled that high circPDHX expression as well as higher Gleason
score was an independent prognostic factor of poor survival in
PCa patients (P = 0.036; Supplementary Table 3).

CircPDHX Promoted Proliferation,
Colony Formation, and Invasion of PCa
Cells
Elevated expression of circPDHX in PCa tissues indicated
it as a tumor-promoting factor. To confirm this hypothesis,
we assessed the functional role of circPDHX in PCa cells.
The silencing efficiency of si-circPDHX or overexpression
efficiency of circPDHX plasmids was confirmed in 22RV1 and
PC3 cells by qRT-PCR analysis (Figure 3A). Consequently,
we found that knockdown of circPDHX repressed cell
viability (Figure 3B), invasive potential (Figure 3D), and
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FIGURE 4 | circPDHX had a negative correlation with miR-378a-3p expression in prostate cancer (PCa) tissue samples. (A,B) The Cancer Genome Atlas (TCGA)
analysis of the expression levels of 15 miRNAs in paired (n = 51) and unpaired PCa tissue samples (n = 475). (C,D) Fluorescence in situ hybridization (FISH) analysis
of the expression levels of miR-378a-3p in pair-matched PCa tissue samples (n = 75). (E) Pearson correlation analysis of the correlation of circPDHX with
miR-378a-3p expression in PCa tissues.

colony formation (Figure 3F) in 22RV1 and PC3 cells,
but restored circPDHX expression reversed these effects
(Figures 3C,E,G).

CircPDHX Was Negatively Associated
With MiR-378a-3p Expression in PCa
Tissues
To elucidate the underlying mechanisms of circPDHX in PCa
cells, we identified 15 miRNAs that may have the potential
to bind with circPDHX by using Circular RNA Interactome4

and found that only miR-378a-3p had a decreased expression
in paired (n = 51, Figure 4A) and unpaired PCa samples
(n = 475, Figure 4B). Reduced expression of miR-378a-
3p was further validated by FISH analysis in PCa samples
(n = 75, P = 0.0002; Figures 4C,D). Pearson correlation analysis
indicated that miR-378a-3p possessed a negative correlation with
circPDHX expression in PCa samples (r = -0.2819, P = 0.0164;
Figure 4E).

We then found that low expression of miR-378a-3p was
associated with higher Gleason score (P = 0.041) and pathological
N stage (P = 0.036) in PCa patients (Supplementary Table 4).
However, the patients with low miR-378a-3p expression had

4https://circinteractome.nia.nih.gov/index.html

no difference in poor survival and tumor recurrence as
compared with those with high miR-378a-3p expression
(Supplementary Figure 2).

CircPDHX Could Sponge MiR-378a-3p in
PCa Cells
The binding sites of miR-378a-3p with WT or Mut circPDHX
3′UTR are indicated in Figure 5A. To confirm whether
circPDHX could bind with miR-378a-3p, we cotransfected
22RV1 and PC3 cells with WT or Mut circPDHX 3′UTR reporter
vectors and the miR-378a-3p mimic or inhibitor and found
that miR-378a-3p mimic reduced the luciferase activities of WT
circPDHX 3′UTR in 22RV1 and PC3 cell lines (Figure 5B), while
the miR-378a-3p inhibitor increased their luciferase activities
(Figure 5C). However, the miR-378a-3p mimic or inhibitor
exerted no effects on those of Mut circPDHX 3′UTR as compared
with the control group (Figures 5B,C). Further investigations
showed that the knockdown or overexpression efficiency of the
miR-378a-3p inhibitor or mimic in 22RV1 and PC3 cell lines
was determined by qRT-PCR analysis (Figure 5D), but the
miR-378a-3p mimic or inhibitor had no effect on circPDHX
expression levels (Supplementary Figure 3). It was noted that
the restored expression of circPDHX decreased the expression of
miR-378a-3p, while silencing circPDHX increased its expression
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FIGURE 5 | circPDHX negatively regulated miR-378a-3p expression in prostate cancer (PCa) cells. (A) Schematic representation of the binding sites of miR-378a-3p
with WT or Mut circPDHX 3′ untranslated region (UTR). (B,C) Assessment of luciferase activities of WT or Mut circPDHX 3′UTR after cotransfection with
miR-378a-3p mimic or inhibitor and WT or Mut circPDHX 3′UTR reporter vectors in 22RV1 and PC3 cells. (D) Quantitative real-time PCR (qRT-PCR) analysis of the
expression levels of miR-378a-3p after transfection with miR-378a-3p inhibitor or mimic in 22RV1 and PC3 cell lines. (E) qRT-PCR analysis of the expression levels
of miR-378a-3p after transfection with circPDHX plasmids or si-circPDHX in 22RV1 and PC3 cell lines. (F,G) RNA immunoprecipitation (RIP) analysis of the
enrichment levels of circPDHX and miR-378a-3p pulled down from Ago2 protein in 22RV1 and PC3 cells. (H,I) 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) analysis of cell proliferation after cotransfection with circPDHX plasmids and miR-378a-3p mimic or si-circPDHX and miR-378a-3p inhibitor in 22RV1
and PC3 cells. Data shown are the mean ± SEM of three experiments. *P < 0.05, **P < 0.01.

levels in these two cell lines (Figure 5E). Furthermore, RIP
assay was conducted for Ago2 protein in 22RV1 and PC3
cells, and the expression of endogenous circPDHX and miR-
378a-3p pulled down from Ago2-expressed 22RV1 and PC3
cells, indicated by qRT-PCR analysis, was enriched in Ago2
pellet in comparison with the input control (Figures 5F,G).
After cotransfection with circPDHX plasmids and miR-378a-
3p mimic or si-circPDHX and miR-378a-3p inhibitor in 22RV1
and PC3 cells, we found that the miR-378a-3p mimic inhibited
cell viability and reversed circPDHX-induced cell proliferation

(Figure 5H), while the miR-378a-3p inhibitor showed the
opposite effects (Figure 5I).

MiR-378a-3p Reversed
CircPDHX-Induced IGF1R Expression in
PCa Cells
We identified the targets of miR-378a-3p and found that
miR-378a-3p might have the greatest potential to bind with
3′UTR of IGF1R by using the starBase v2.0 prediction tool
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FIGURE 6 | miR-378a-3p reversed circPDHX-induced insulin-like growth factor 1 receptor (IGF1R) expression in prostate cancer (PCa) cells. (A,B) The Cancer
Genome Atlas (TCGA) analysis of the expression levels of IGF1R in paired (n = 51) and unpaired PCa tissue samples (n = 482). (C) Kaplan–Meier analysis of the
association of high or low IGF1R expression with poor survival in patients with PCa. (D) Pearson correlation analysis of the correlation of IGF1R with miR-378a-3p
expression in PCa tissues. (E) Schematic representation of the binding sites of miR-378a-3p and WT or Mut 3′ untranslated region (UTR) of IGF1R. (F) Estimation of
the luciferase activities of WT or Mut IGF1R 3′ UTR after cotransfection with miR-378a-3p mimic and WT or Mut IGF1R 3′ UTR reporter vectors in 22RV1 and PC3
cells. (G,H) Quantitative real-time PCR (qRT-PCR) and Western blot analysis of IGF1R expression levels after cotransfection with circPDHX and miR-378a-3p mimic
in 22RV1 and PC3 cells. Data shown are the mean ± SEM of three experiments. *P < 0.05; **P < 0.01.

(5, Supplementary Table 5). TCGA cohort showed that IGF1R
expression was increased in paired (n = 51, P = 0.0008; Figure 6A)
and unpaired PCa samples (n = 482, P < 0.0001; Figure 6B).
Then, high expression of IGF1R was associated with pathological
T stage in PCa patients (P = 0.034, Supplementary Table 6),
and the patients with high IGF1R expression harbored a poorer
survival (P = 0.047, Figure 6C) as compared with those with
low IGF1R expression. However, univariate and multivariate
analyses uncovered that high IGF1R expression was not an
independent prognostic factor of poor survival in PCa patients
(Supplementary Table 7).

Pearson correlation analysis indicated that miR-378a-3p had
a negative correlation with IGF1R expression in PCa tissues
(r = -0.1605, P = 0.0005; Figure 6D). The binding sites of miR-
378a-3p with WT or Mut 3′ UTR of IGF1R were indicated

5http://starbase.sysu.edu.cn/starbase2/index.php

in Figure 6E. To confirm whether miR-378a-3p could bind
with 3′ UTR of IGF1R, we cotransfected 22RV1 and PC3
cell lines with WT or Mut IGF1R 3′ UTR reporter vectors
and miR-378a-3p mimic and found that miR-378a-3p mimic
reduced the luciferase activities of WT IGF1R 3′ UTR in these
two cell lines but had no effects on those of Mut IGF1R
3′ UTR as compared with the miR-NC group (Figure 6F).
qRT-PCR and Western blot analysis indicated that miR-378a-
3p inhibited the activation of IGF1R/PI3K/AKT signaling and
reversed cricPDHX-induced signaling activation in 22RV1 and
PC3 cell lines (Figures 6G,H).

Knockdown of CircPDHX Inhibited the
Tumorigenesis of PCa in vivo
To confirm the effects of circPDHX on PCa tumor growth
in vivo, a xenograft tumor model was constructed after
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FIGURE 7 | Knockdown of circPDHX suppressed PC3 xenograft tumor growth. (A) Representative photographs of the xenograft tumors and assessment of the
tumor proliferation trend after treatment with si-circPDHX or si-NC transfected PC3 cells. (B) Comparison of PC3 xenograft tumor volume and weight between
si-circPDHX and si-NC groups. (C) Quantitative real-time PCR (qRT-PCR) analysis of circPDHX and miR-378a-3p expression in si-circPDHX or si-NC treated PC3
tumor tissues. (D) Pearson correlation analysis of the correlation of circPDHX with miR-378a-3p expression in si-circPDHX-treated PC3 tumor tissues. Data shown
are the mean ± SEM of three experiments. *P < 0.05; **P < 0.01.

subcutaneous inoculation with si-circPDHX stably transfected
PC3 cells. During the growth period, the length and weight of
PCa tumors were measured. We found that the proliferative
capabilities of PCa tumors were impeded by downregulation

of circPDHX in comparison with si-NC group (Figure 7A).
After PCa tumor tissues were harvested, the average tumor
volume and weight were smaller in the si-circPDHX group
than those in the si-NC group (Figure 7B). qRT-PCR analysis
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FIGURE 8 | Schematic representation of the proposed mechanisms of circPDHX in prostate cancer (PCa). circPDHX acted as a sponge of miR-378a-3p to
upregulate IGF1R expression, contributing to the tumorigenesis of PCa.

indicated that circPDHX expression was markedly reduced,
while miR-378a-3p expression was increased in the si-circPDHX
group as compared with the si-NC group (Figure 7C).
Pearson correlation analysis showed that circPDHX had
a negative correlation with miR-378a-3p expression in si-
circPDHX group (Figure 7D).

DISCUSSION

circRNAs as a novel ncRNA have been implicated in the
prognosis and progression of multiple malignancies including
PCa (Wang et al., 2018; Zhang et al., 2019). The upregulation
of circ-ITCH is associated with distant metastasis and poor
prognosis in patients with PCa (Huang E. et al., 2019). Herein,
we identified a differentially expressed circPDHX and found that
high expression of circPDHX was associated with Gleason score
and pathogenic T stage and acted as an independent prognostic
factor of poor survival in PCa patients.

Previous studies showed that circRNAs can act as oncogenic
factors (Kong et al., 2017; Si-Tu et al., 2019) or tumor
suppressors in PCa (Song et al., 2019). Herein, we assess
the functional role of circPDHX in PCa cells and found

that silencing circPDHX repressed the cell viability, colony
formation, and cell invasion in vitro and in vivo, but
ectopic expression of circPDHX indicated the tumor-promoting
effects. Our results indicated that circPDHX might act as an
oncogene in PCa.

Increasing investigations demonstrated that circRNAs can
act as miRNA sponges to participate in cancer regulation
(Chen Y. et al., 2019). circHIPK3 and circZNF609 enhance the
proliferation and invasion of PCa by sponging miR-193a-3p/-
338-3p or miR-186-5p (Cai et al., 2019; Chen D. et al., 2019;
Jin et al., 2019), whereas circRNA17 and circUCK2 suppress
the progression of PCa by sponging miR-181c-5p or miR-767-
5p (Wu et al., 2019; Xiang et al., 2019). Herein, we found
that circPDHX could bind with Ago2-miR-378a-3p complex
and negatively regulate miR-378a-3p expression in PCa cells.
Likewise, hsa_circ_0007059 suppresses cell proliferation and
epithelial–mesenchymal transition in lung cancer by sponging
miR-378a-3p (Gao et al., 2019). These studies indicated that
circPDHX might act as a sponge of miR-378a-3p to promote
PCa progression.

Some studies have shown that miR-378a-3p is downregulated
in colorectal cancer (CRC), and its low expression indicates
poor survival in patients with CRC (Li et al., 2014). It also
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restrains melanoma growth via targeting PARVA (Velazquez-
Torres et al., 2018) and acts as a chemosensitizer in ovarian
cancer (Xu et al., 2018). In accordance, we found that low
expression of miR-378a-3p was associated with Gleason score
and pathogenic N stage in patients with PCa. IGF1R was further
validated as a direct target of miR-378a-3p in PCa cells and
indicated a poor survival in patients with PCa. In addition,
miR-378a-3p displayed a negative correlation with circPDHX
expression and attenuated circPDHX-induced cell proliferation
and IGF1R expression in PCa cells. Our results suggested
that circPDHX might act as a sponge of miR-378a-35p to
upregulate IGF1R expression, contributing to the tumorigenesis
of PCa (Figure 8).

Taken together, the increased expression of circPDHX was
associated with Gleason score and pathogenic T stage and
acted as an independent prognostic factor of poor survival in
patients with PCa. circPDHX facilitated the tumorigenesis of PCa
by sponging miR-378a-3p. This study might offer a potential
biomarker for the detection of PCa.
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Lung cancer is the most prevalent cancer globally. It is also the leading cause of
cancer-related death because of the late diagnosis and the frequent resistance to
therapeutics. Therefore, it is impending to identify novel biomarkers and effective
therapeutic targets to improve the clinical outcomes. Identified as a new class of
RNAs, circular RNAs (circRNAs) derive from pre-mRNA back splicing with considerable
stability and conservation. Accumulating research reveal that circRNAs can function as
microRNA (miRNA) sponges, regulators of gene transcription and alternative splicing,
as well as interact with RNA-binding proteins (RBPs), or even be translated into proteins
directly. Currently, a large body of circRNAs have been demonstrated differentially
expressed in physiological and pathological processes including cancer. In lung cancer,
circRNAs play multiple roles in carcinogenesis, development, and response to different
therapies, indicating their potential as diagnostic and prognostic biomarkers as well as
novel therapeutics. In this review, we summarize the multi-faceted functions of circRNAs
in lung cancer and the underlying mechanisms, together with the possible future of these
discoveries in clinical application.

Keywords: circular RNAs (circRNAs), microRNAs (miRNAs), lung cancer, biomarker, prognosis

Abbreviations: ADAR1, adenosine deaminase 1; CDK2, cyclin-dependent kinase 2; CDKN1, cyclin-dependent kinase
inhibitor 1; ceRNA, competing endogenous RNA; circRNAs, circular RNAs; circrRNAs, circRNA rRNAs; ciRNAs, intronic
circRNAs; CXCR4, C-X-C motif chemokine receptor 4; EcircRNAs, exonic circRNAs; EGF, epidermal growth factor; EGFR,
epidermal growth factor receptor; EIF3, eukaryotic initiation factor 3; ElciRNAs, exonic circRNAs with introns; EMT,
epithelial-to-mesenchymal transition; f-circRNAs, fusion circRNAs; FLI1, friend leukemia virus integration 1; FOXM1,
Forkhead Box (Fox) transcription factor 1; HIF, hypoxia-inducible factor; IRES, internal ribosome entry site; lncRNA,
long non-coding RNA; m6A, N6-methyladenosine; MBL, splicing factor muscleblind; miRNA, microRNA; NSCLC, non-
small cell lung cancer; ORF, open reading frame; PD-1, programmed cell death-1; PD-L1, programmed cell death-1 ligand;
PDPK, phosphoinositide-dependent protein kinase; PES1, pescadillo homolog 1; PFS, progression-free survival; Pol II, RNA
polymerase II; PTEN, phosphatase and tensin homolog deleted on chromosome 10; QKI, RNA-binding protein quaking; RBP,
RNA-binding protein; ROCK1, Rho-associated coiled-coil kinase 1; rRNA, ribosomal RNA; SCLC, small cell lung cancer;
snRNA, small nuclear RNA; snRNP, small nuclear ribonucleoprotein; TGF-β, transforming growth factor-β; TKI, tyrosine
kinase inhibitor; TME, tumor microenvironment; TNM, tumor node metastasis; tricRNAs, tRNA intronic circRNAs.
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INTRODUCTION

Nowadays, lung cancer is the most frequent cause of cancer-
related mortality (Siegel et al., 2017). Non-small cell lung cancer
(NSCLC), including lung adenocarcinoma, squamous cell lung
carcinoma, and large cell lung carcinoma, constitutes about
85% of lung cancer cases. Although the novel therapeutic
strategies such as targeting drugs toward the epidermal growth
factor receptor (EGFR), anaplastic lymphoma kinase (ALK), and
immune checkpoints programmed cell death-1 (PD-1) and/or
programmed cell death-1 ligand (PD-L1) have led to an great
progress of advanced NSCLC patients among the past decades,
the long-term survival of lung cancer remains unfavorable
because of the late diagnosis and the frequent resistance to
therapeutics (Chansky et al., 2017; Kris et al., 2017). Therefore,
the identification of sensitive biomarkers for early detection and
prognosis estimation, as well as effective therapeutic targets is
urgently needed to improve the clinical outcomes.

Circular RNAs (circRNAs) are identified as a new class
of endogenous RNAs derived from back splicing. Lacking
the 3′-poly(A) tails and 5′-end caps (Suzuki and Tsukahara,
2014), circRNAs have closed loop structures generated from
the ligation of exons, introns, or both (Wang et al., 2019b),
thus are divided into the three main subtypes as exonic
circRNAs (EcircRNAs), intronic circRNAs (ciRNAs), and exonic
circRNAs with introns (EIciRNAs), respectively. EcircRNAs exist
in the eukaryotic cytoplasm, while ciRNAs and EIciRNAs are
mainly in the nucleus. Other subtypes of circRNAs include
intergenic circRNAs, tRNA intronic circRNAs (tricRNAs),
antisense circRNAs, overlapping circRNAs, circRNA rRNAs
(circrRNAs), and intragenic circRNAs (Liang et al., 2020).
Owing to the absence of the 3′ and 5′ ends, circRNAs exhibit
much more stability and conservation than the linear RNAs
and are insusceptible to RNA exonuclease or RNase R-induced
degradation. In general, circRNAs are expressed at lower levels
than the host genes (Enuka et al., 2016). Although discovered
half a century ago (Sanger et al., 1976), circRNAs are recently
considered as the by-products from pre-mRNA back splicing
without important biological functions. Currently, a large body
of circRNAs have been demonstrated differentially expressed in
physiological and pathological states including cancer due to the
development of next-generation sequencing and bioinformatic
technologies (Dragomir and Calin, 2018). In lung cancer,
circRNAs reveal multiple roles in carcinogenesis, development,
and response to therapies, implying their potential roles as
not only the diagnostic and prognostic biomarkers but also
novel therapeutics.

BIOGENESIS OF circRNAs

RNA alternative splicing is a basic gene expression event
in eukaryotic cells. Unlike conventional splicing of mRNA,
circRNAs are mainly produced from back-splicing process by
ligating a downstream 5′ site with an upstream 3′ site and
forming a single-strand closed loop (Jeck et al., 2013). After
that, all or part of introns will be removed by the spliceosome

and the rest of sequences are to be connected, generating the
corresponding subtypes of circRNAs. Exon-skipping is another
mechanism for circRNA circularization. It is reported that exon-
skipping promotes the shaping process of the spliced lariat
containing the circularized exon (Kelly et al., 2015). Furthermore,
RNA-binding proteins (RBPs) are demonstrated to be able
to induce circRNAs formation. For example, splicing factor
muscleblind (MBL) has binding sites on flanking introns of
its pre-mRNA and is able to bring the two splicing sites close
together and facilitate circularization (Ashwal-Fluss et al., 2014).
Enzyme adenosine deaminase 1 (ADAR1) can inhibit circRNAs’
expression by Adenosine-to-Inosine editing to diminish RNA
pairing structure of flanking introns and diminish the back-
splicing efficiency (Ivanov et al., 2015). RNA-binding protein
quaking (QKI) is also proved to regulate circRNAs’ biogenesis by
binding to sites flanking circRNAs forming exons to induce exon
circularization during epithelial–mesenchymal transition (EMT)
(Conn et al., 2015).

FUNCTIONS AND MECHANISMS OF
circRNAs

Recently, increasing studies have focused on circRNAs’ biological
functions and their regulation. It is confirmed that circRNAs
can function as microRNA (miRNA) sponges to stop miRNAs
from regulating gene expression via a circRNA–miRNA–mRNA
pathway (Hansen et al., 2013). Moreover, circRNAs can act as
regulators of gene transcription and alternative splicing, as well
as interact with RBPs, or even be translated into peptides or
full-length proteins directly (Liu et al., 2017) (Figure 1).

circRNAs as miRNA Sponges
miRNAs are small non-coding RNAs that post-transcriptionally
regulate gene expression by base paring with specific mRNA
target sequences, thereby leading to translational inhibition
or mRNA degradation (Salmanidis et al., 2014). They can be
endogenously sponged by long non-coding RNAs (lncRNAs)
owing to the presence of the miRNA response element (MRE) in
lncRNA sequences (Cesana et al., 2011). It has been shown that
some circRNAs located in cytoplasm also have complementary
binding sites of miRNAs and can thus function as competing
endogenous RNAs (ceRNAs) to compete with miRNAs and
further regulate cellular functions (Zhong et al., 2018). For
instance, EcircRNA ciRS-7 is reported to harbor more than
60 conserved miRNA seed match segments for miR-7, thereby
antagonizing miR-7 biological activity and functions (Hansen
et al., 2013). Subsequent studies confirm the importance of ciRS-
7 as miR-7 sponges in many pathological processes including
myocardial infarction, insulin secretion, and carcinogenesis
(Pan et al., 2018).

circRNA–Protein Interactions
Recently, it is demonstrated that certain circRNAs can serve
as protein decoys through binding to RBPs and regulate
their interaction with DNAs, RNAs, and/or other proteins.
For example, with several MBL binding sites, circMbl is able
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FIGURE 1 | Biogenesis and regulatory functions of circRNAs. (A) circRNAs as miRNA sponges. (B) circRNA-protein interactions. (C) circRNAs and protein
translation. (D) circRNAs and gene transcription. (E) circRNAs and alternative splicing.

to sponge out the excessive MBL proteins and maintain its
expression balance (Ashwal-Fluss et al., 2014). circANRIL can
bind to pescadillo homolog 1 (PES1) and restrain exonuclease-
mediated pre-rRNA (ribosomal RNA) processing (Holdt et al.,
2016). circPABPN1 binds to HuR and prevents its binding to
PABPN1 mRNA, resulting in PABPN1 translation attenuation
(Abdelmohsen et al., 2017). circ-Foxo3 participates in the
composition of a ternary complex by binding to cyclin-dependent
kinase 2 (CDK2) and cyclin-dependent kinase inhibitor 1
(CDKN1), leading to impaired function of CDK2 and cell cycle
arrest (Du et al., 2016). However, not all the circRNAs interacting
with RBPs inhibit proteins functions. Particularly, circ-Amotl1
is reported to interact with and stabilize oncogene c-myc
and upregulate c-myc targets, thereby promoting tumorigenesis
(Yang Q. et al., 2017). The second action mode of circRNAs in
interacting with proteins is to serve as protein recruiters. They
can recruit not only transcription factors (Wang et al., 2019c),
but also chromatin remodelers (Ding et al., 2019) and DNA
or histone modifying enzymes (Chen N. et al., 2018) to the
promoters and alter transcription either positively or negatively.
Furthermore, circRNAs are able to alter interactions between
proteins. In detail, circRNAs can strengthen interactions between
proteins through direct binding to both of them (Huang S. et al.,
2019) or just one of them (Fang et al., 2018), or dissociate
interactions between proteins originally combined together by
direct binding to both of them (Fang et al., 2019). Interestingly,

it is reported that some circRNAs can also serve as protein
transporters. circRNAs transport proteins between nucleus and
cytoplasm (Yang Z. et al., 2017; Wang et al., 2019e), and to
the mitochondria (Liu et al., 2020) or membrane (Du et al.,
2020) (Figure 2).

circRNAs and Protein Translation
Although initially considered as non-coding RNAs (Jeck et al.,
2013), circRNAs are shown to be translatable in human
transcriptome in vivo by ribosome footprinting and mass
spectrometry analysis recently (Pamudurti et al., 2017). With
the help of internal ribosome entry site (IRES) which is a
non-circle structure, circRNA can be translated into either
small peptides or full-length proteins. For example, circ-
SHPRH is reported to encode the protein SHPRH-146aa,
protect full-length SHPRH from degradation by the ubiquitin
proteasome, and ultimately inhibit glioma tumorigenesis (Zhang
et al., 2018a). An endogenous circFBXW7 can be encoded
into a 21 kDa protein with suppressive roles in malignant
phenotypes of human glioblastoma (Yang et al., 2018). Moreover,
extensive N6-methyladenosine modification can drive the cap-
independent translation of circRNAs together with m6A reader
YTHDF3 and translation initiation factors eIF3A and eIF4G2
(Yang Y. et al., 2017).

Known circRNAs and their protein production are listed
in Table 1.
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FIGURE 2 | circRNA-protein interactions. (A) circRNAs block proteins from interacting with DNAs, RNAs or other proteins, thereby compromising their original
functions. (B) circRNAs recruit transcription factors, chromatin remodelers, and DNA or histone modifying enzymes to the promoters, altering transcription either
positively or negatively. (C) circRNAs strengthen interactions between proteins through direct binding to both of them or just one of them; or dissociate interactions
between proteins originally combined together by direct binding to both of them. (D) circRNAs transport proteins between nucleus and cytoplasm, and to the
mitochondria or membrane.

circRNAs and Gene Transcription
It is demonstrated that certain ElciRNAs and ciRNAs may
act as transcriptional regulators. For instance, ElciRNAs
circEIF3J and circPAIP2 are reported to promote their
parental genes promotion by a specific U1 small nuclear
RNA (snRNA)-ElciRNA interaction. Mechanically, EIciRNAs
bind to U1 small nuclear ribonucleoprotein (snRNP) through
interaction with U1 snRNA and to form EIciRNA–U1 snRNP
complexes, which will further interact with RNA polymerase
II (Pol II) transcription complex of the parental gene and

TABLE 1 | circRNAs and protein translation.

circRNA Peptide/protein References

circSHPRH SHPRH-146aa Zhang et al., 2018a

circFBXW7 FBXW7-185aa Yang et al., 2018

HPV16 circE7 E7 oncoprotein Zhao et al., 2019

circβ-catenin β-catenin-370aa Liang et al., 2019

circAKT3 AKT3-174aa Xia et al., 2019

circPPP1R12A PPP1R12A-73aa Zheng et al., 2019

circPIN-Texon2 PINT87aa Zhang et al., 2018b

circGprc5a circGprc5a-peptide Gu et al., 2018

circLgr4 circLgr4-peptide Zhi et al., 2019

enhance gene transcription (Li et al., 2015). Besides, ciRNA
ci-ankrd52 is able to accumulate to its transcription sites and
positively regulate elongation Pol II machinery, suggesting a
cis-regulatory role of ciRNAs in expression of their parental genes
(Zhang et al., 2013).

circRNAs and Alternative Splicing
RNA alternative splicing is a basic gene expression event
in eukaryotic cells. During this process, the backsplicing of
circRNAs competes with the linear splicing of pre-mRNAs for
splicing sites. For example, derived from the second exon of
splicing factor MBL, circMbl itself and its flanking introns
have conserved MBL binding sites, indicating that MBL may
have effects on alternative splicing and modulate the balance
between the backsplicing of circRNAs and the linear splicing of
pre-mRNAs (Ashwal-Fluss et al., 2014). Meanwhile, circRNAs
can act as “mRNA traps” during the back-splicing process by
sequestering the translation start site to prevent translation of
certain normal linear transcripts and reduce the expression of the
very proteins. For instance, EcircRNAs generated from Formin
(Fmn) and Duchenne muscular dystrophies traps (DMD) genes
are able to cause inactivation of RNA transcripts with certain
deletion mutations, thereby diminishing the expression levels
of the corresponding functional proteins (Chao et al., 1998;
Gualandi et al., 2003).
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circRNAs AND LUNG CANCER

Emerging evidence suggests that circRNAs are abnormally
expressed and playing endogenous regulatory roles in
carcinogenesis and development of lung cancer, including
cell viability, apoptosis, autophagy, invasion, migration,
tumor microenvironment (TME) regulation (such as tumor
immunosuppression, angiogenesis, hypoxia, and metabolic
abnormalities), and therapeutic sensitivities. Moreover, circRNAs
own relative specificity and stability compared to other non-
coding RNAs, making them more attractive as novel diagnostic
and prognostic biomarkers as well as promising therapeutics
in lung cancer management. With the development of high-
throughput sequencing technology, circRNA expressions in
cell lines, tissue samples, and liquid biopsies (especially blood)
from lung cancer patients have been detected (Wang et al.,
2019a; Zhang et al., 2020). Functional validation assays as well
as bioinformatic analysis have been performed to reveal the
interaction network of circRNAs and other regulatory factors in
lung cancer tumorigenesis and development.

circRNAs as Diagnostic and Prognostic
Biomarkers for Lung Cancer
With advantages such as non-invasion, specificity,
reproducibility, and sensitivity, circRNAs can act as biomarkers
for lung cancer pathological subtyping. For example,
hsa_circ_0013958 is indicated to be used as a potential biomarker
for screening and early detecting lung adenocarcinoma (Zhu
et al., 2017). In a recent work, circRNA expressions are profiled
in both lung adenocarcinoma and squamous cell carcinoma and
the result indicates that the two subtypes exhibit distinct circRNA
expression signatures (Wang et al., 2019a). Similarly, circNOL10
expression varies significantly between lung adenocarcinoma
and lung squamous cell carcinoma and has close relationship
with the degree of differentiation (Nan et al., 2018). Another
study confirms that circ-STXBP5L is selectively expressed in
small cell lung cancer (SCLC) samples compared with NSCLC
(Zhang et al., 2020). These results highlight the important
diagnostic value of circRNAs in pathological classification of
lung cancer.

Moreover, mounting studies demonstrate that circRNAs
can also serve as prognostic biomarkers for lung cancer
occurrence, development, tumor node metastasis (TNM) staging,
pathological grade, and lymphatic metastasis. Generally, many
circRNAs are upregulated in lung cancer and are considered to
be “onco-circRNAs” due to their positive roles in cancer cell
proliferation, invasion, and migration, as well as the negative
regulation on cancer cell apoptosis. Vice versa, circRNAs that are
downregulated in lung cancer with tumor-suppressive functions
are considered as “tumor-suppressive circRNAs.”

Onco-circRNAs in Lung Cancer
To date, a multitude of onco-circRNAs have been identified in
lung cancer and proposed as potential biomarkers for prognosis.

As is well-known that metastasis is one of the main
characteristics of malignant tumors including lung cancer. It is
reported that friend leukemia virus integration 1 (FLI1) exonic

circRNA FECR1 can promote SCLC metastasis by increasing
rho-associated coiled-coil kinase 1 (ROCK1) expressions through
direct inhibition of miR584-3p (Li L. et al., 2019). It is described
above that circ-STXBP5L participates in the carcinogenesis
of SCLC as an onco-circRNA by sponging miR-224-3p and
miR-512-3p and regulating a subset of target genes, including
Akts, NFκB and Pik3ca (Zhang et al., 2020). As for NSCLC,
the data are more detailed. For instance, over-expressed in
EGFR-resistant H1975 cells, circRNA CCDC66 is regulated by
HGF/c-Met to increase EMT process and drug resistance of
lung adenocarcinoma (Joseph et al., 2018). Produced from the
EML4-ALK fusion, circRNA F-circEA-2a reveals positive effect
on cell invasion and migration in NSCLC, highlighting its
critical role in EML4-ALK-positive NSCLC (Tan et al., 2018).
circRNA_102231 promotes cellular proliferation, invasion, and
migration in lung cancer. Highly expressed circRNA_102231
may serve as a biomarker for both diagnosis and prognosis
for lung cancer patients (Zong et al., 2018). It is demonstrated
that circHIPK3 can restore lung cancer cell survival and
proliferation via sponging miR-124 and regulating expression
of its potential targets such as SphK1, STAT3, and CDK4 (Yu
et al., 2018). Particularly, circHIPK3 also functions as a negative
autophagy regulator in lung cancer through the miR124-3p-
STAT3-PRKAA pathway which is dependent on STK11 status
(Chen et al., 2020). circHIPK3 regulates the EMT progress of
NSCLC through miR-149-mediated Forkhead Box transcription
factor FOXM1 expression regulation, closely correlated with
the aggressive potential and unfavorable prognosis (Lu et al.,
2020). CircPVT1 positively regulates NSCLC cell proliferation,
invasion, and metastasis by sponging miR-125b and activating
the corresponding E2F2 signaling pathway (Li X. et al., 2018). It
can also act as a competing endogenous RNA for miR-497 and
indirectly increase the expression of Bcl-2, leading to promoted
NSCLC progression and predicting poor survival of the patients
(Qin et al., 2019).

Hypoxia caused by the instability of the tumor-associated
microvasculature is one of the key reasons for cancer progression.
It is reported that circ_0000376 can promote NSCLC progression
by regulating the miR-1182/NOVA2 axis and is relative to the
poor overall survival of NSCLC patients. Hypoxia enhances
circ_0000376 expression and promotes the glycolysis, viability,
invasion and migration of NSCLC cells. Manipulated inhibition
of circ_0000376 suppresses the progressive activities of hypoxia-
induced NSCLC cells both in vitro and in vivo (Li C. et al., 2020).

Several circRNAs are verified to effect both cell proliferation
and apoptosis in lung cancer. For instance, upregulated
hsa_circ_0000064 demonstrates effect on cell proliferation,
metastasis, and apoptosis by regulating target genes such as
cell cycle regulators p21WAF1, cyclin D1, and CDK6, as well
as apoptotic factors caspase-3, caspase-9, and bax (Luo et al.,
2017). Serving as a sponge for miR-503, circ-BANP promotes
proliferation, invasion, and migration while attenuates apoptosis
of lung cancer cells through promotion of LARP1 expression
(Han et al., 2018). circ-FOXM1 works as a ceRNA to target
PPDPF and MACC1 by sponging miR-1304-5p in NSCLC. It
promotes cellular proliferation, invasion, and migration, and
suppresses apoptosis, thus playing oncogenic roles in progression
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of NSCLC. The elevation of circ-FOXM1 in NSCLC is proved to
be strongly linked to advanced TNM stages, lymph node invasion,
as well as dismal prognosis (Liu G. et al., 2019). Commonly
upregulated in NSCLC tissues and cell lines, circ_0026134
facilitates NSCLC proliferation and metastatic properties and
weakens cell apoptosis, dependent on the sponge and down-
regulation of miR-1287 and miR-1256 (Chang et al., 2019).
Similarly, circRNA 100146 is highly expressed and playing an
oncogenic role in the progression of NSCLC. It enhances NSCLC
cell proliferation and invasion and inhibits cell apoptosis through
direct binding to miR-361-3p and miR-615-5p and affections
on multiple downstream molecules such as NFAT5, COL1A1,
TRAF3, and MEF2C (Chen L. et al., 2019).

It is shown that lung cancer progression is also promoted
by increased glycolysis. For example, Enolase 1 (ENO1) is
a glycolysis enzyme which performs crucial roles in glucose
metabolism and contributes to progression of lung cancer.
Recently, circ-ENO1 and its host gene ENO1 are reported to
be upregulated in lung adenocarcinoma. Mechanistically, circ-
ENO1 acts as a ceRNA of miR-22-3p and upregulates ENO1
expression, promoting glycolysis and tumor progression in lung
adenocarcinoma. Silencing of circ-ENO1 inhibits glycolysis,
cell proliferation, migration and EMT of lung adenocarcinoma
(Zhou J. et al., 2019).

Tumor immune microenvironment is another pivotal factor
for the development of lung cancer where cancer cells interact
with immune cells to facilitate immune evasion. For example,
NSCLC-derived intracellular and extracellular PD-L1 can not
only promote cancer progression and drug resistance but also
facilitate tumor immune evasion (Li Y. et al., 2019). It is recently
demonstrated that circ-CPA4 is high-expressed in NSCLC
and can regulate cell growth, metastasis, stemness and drug
resistance as well as inactivate CD8+ T cells in tumor immune
microenvironment through miRNA let-7/PD-L1 regulatory axis.
Inhibition of circ-CPA4 suppresses NSCLC cell growth, mobility
and EMT, while enhances cell death via downregulation of let-
7/PD-L1 axis. Furthermore, circ-CPA4 can positively regulate
the expression of exosomal PD-L1 which promotes NSCLC
cell stemness and increases the resistance toward cisplatin
(Hong et al., 2020).

Dysregulated onco-circRNAs in lung cancer, their functions,
and the underlying mechanisms are listed in Table 2.

Tumor-Suppressive circRNAs in Lung Cancer
A series of circRNAs have been found downregulated in
lung cancer and thus considered as tumor suppressors. For
instance, downregulated in SCLC and chemo-resistant NSCLC
cells, circRNA cESRP1 enhances drug sensitivity by directly
binding to and repressing miR-93-5p, thereby up-regulating the
expression of Smad7 and p21, forming a negative feedback loop
to regulate EMT process dependent of transforming growth
factor-β (TGF-β) (Huang W. et al., 2019).

In NSCLC, circRNA ITCH is reported markedly decreased
in cancer tissues with negative regulation on the proliferation
of cancer cells by down-regulating oncogenic miR-7 and
miR-214 as well as up-regulating T-cell factor, β-catenin,
c-Myc, and cyclin D1, thereby enhancing the activation of

the Wnt/β-catenin signaling pathway (Wan et al., 2016).
circ_0001649 is demonstrated to have a decreased expression
in NSCLC tissues and cell lines with suppressive functions
on cell growth and metastasis both in vitro and in vivo
partially by sponging out miR-331-3p and miR-338-5p. The
down-regulation of circ_0001649 is highly interrelated with
advanced TNM stage, positive lymph node metastasis, and poor
prognosis of NSCLC patients (Liu T. et al., 2018). circPTK2
promotes TIF1γ expression and inhibits TGF-β-induced EMT
and metastasis in NSCLC dependent on miR-429/miR-200b-
3p sponging (Wang et al., 2018). circRNA-FOXO3 expression
is also found decreased in NSCLC and correlated with clinical
outcomes. circRNA-FOXO3 inhibits NSCLC cell proliferation,
invasion, and migration by acting as a ceRNA to sponge miR-155
and release FOXO3 expression (Zhang et al., 2018c).

Cell apoptosis is also regulated by certain tumor-suppressive
circRNAs in lung cancer. For example, acting as an endogenous
sponge for miR-1252, has_circ_0043256 can upregulate the
expression of ITCH and finally inhibit Wnt/β-catenin pathway,
leading to suppression of cell proliferation and enhancement
of apoptosis in NSCLC (Tian et al., 2017). circNOL10 is
downregulated in both lung cancer tissues and cells and
conducive in differentiating lung adenocarcinoma and lung
squamous cell carcinoma. Furthermore, circNOL10 inhibits
lung cancer by enhancing transcriptional regulation of the
HN polypeptide family, which exerts pivotal functions on
biological processes such as proliferation, apoptosis, and cell cycle
progression (Nan et al., 2018).

Dysregulated tumor-suppressive circRNAs in lung cancer,
their functions, and the underlying mechanisms are listed
in Table 3.

circRNAs and the Therapeutic Response
of Lung Cancer
Except for chemotherapy, targeted therapies and
immunotherapies have revolutionized the lung cancer
management within the last decades. However, drug-resistance
still develops after the treatment. Considering the multiple roles
of circRNAs in lung cancer progression, it is not surprising to
apply them as predictive biomarkers for the follow-up of patients.
Furthermore, the detection of circRNAs in liquid biopsies has
provided a more convenient method for the management of
post-treatment follow-up.

Chemotherapy
With the assistance of a high-throughput circRNA microarray,
a significant upregulation of 2,909 circRNAs as well as
downregulation of 8,372 circRNAs are discovered in taxol-
resistant A549 lung adenocarcinoma cells compared with the
parental cells (Xu et al., 2018). Functional validation assays
highlight the circRNA/miRNA networks in this context. The
most pronouncedly enriched pathways for aberrant circRNA-
related host genes include VEGFR, EGFR, integrin, and rho
GTPase signaling, which are all involved in the progression of
chemo-resistance.

Eukaryotic initiation factor 3 (EIF3) is one of the largest
translation initiation factors. Previous studies have suggested
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TABLE 2 | Dysregulated onco-circRNAs in lung cancer.

circRNA Function Mechanism References

circFECR1 Metastasis of SCLC miR584-3p/ROCK1 Li L. et al., 2019

circSTXBP5L Carcinogenesis of SCLC miR-224-3p and miR-512-3p/Akts,
NFκB, and Pik3ca

Zhang et al., 2020

circ_100876 Prognosis values ? Yao et al., 2017

circCCDC66 EMT and drug resistance of lung adenocarcinoma ? Joseph et al., 2018

circF-circEA-2a Invasion and migration of NSCLC ? Tan et al., 2018

circRNA_102231 Proliferation, invasion, and migration of lung cancer ? Zong et al., 2018

hsa_circRNA_103809 Proliferation and invasion of lung cancer miR-4302/ZNF121/ MYC Liu W. et al., 2018

circHIPK3 Cell survival and proliferation of lung cancer miR-124/SphK1, STAT3, and CDK4 Yu et al., 2018

Autophagy of lung cancer miR124-3p/STAT3/PRKAA Chen et al., 2020

EMT and aggressiveness of NSCLC miR-149/FOXM1 Lu et al., 2020

circPVT1 Proliferation, invasion, and metastasis of NSCLC miR-125b/E2F2 Li X. et al., 2018

NSCLC progression miR-497/Bcl-2 Qin et al., 2019

circMAN2B2 Proliferation and invasion of lung cancer miR-1275/FOXK1 Ma et al., 2018

circ_0067934 Tumorigenesis, EMT, and metastasis of NSCLC ? Wang and Li, 2018

hsa_circ_0020123 Proliferation, invasion, and migration of NSCLC miR-144/ZEB1 and EZH2 Qu et al., 2018

Growth, invasion, migration, and apoptosis of NSCLC miR-488e3p/ADAM9 Wan et al., 2019

circFADS2 Proliferation and invasion of lung cancer miR-498/ FOXO1/KLF6 Zhao et al., 2018

circ_0016760 Progression of NSCLC miR-1287/GAGE1 Li Y. et al., 2018

circPRKCI Proliferation and tumorigenesis of lung adenocarcinoma miR-545 and miR-589/E2F7 Qiu et al., 2018

circCMPK1 Cell proliferation of NSCLC miR-302e/cyclin D1 Cui et al., 2020

circFGFR1 Proliferation, migration, invasion, and immune evasion abilities of
NSCLC

miR-381-3p/CXCR4 Zhang P. et al., 2019

circP4HB EMT and metastasis of NSCLC miR-133a-5p/vimentin Wang et al., 2019f

hsa_circ_000984 Proliferation and metastasis of NSCLC Wnt/β-catenin signaling Li X. et al., 2019

circ_0003645 NSCLC progression miR-1179/TMEM14A An et al., 2019

circZFR NSCLC progression miR-101-3p/CUL4B Zhang H. et al., 2019

hsa_circ_0023404 Proliferation, invasion, and migration of NSCLC miR-217/ZEB1 Liu C. et al., 2019

F-circSR1 and 2 Migration and invasion of NSCLC ? Wu et al., 2019

circPRMT5 NSCLC progression miR-377, miR-382, and miR-498/EZH2 Wang et al., 2019h

circPIP5K1A Proliferation and metastasis of NSCLC miR-600/HIF-1α Chi et al., 2019

circATXN7 Proliferation and invasion abilities of NSCLC ? Huang Q. et al., 2019

circFGFR3 Proliferation and invasion of NSCLC miR-22-3p/Gal-1, p-AKT and
p-ERK1/2

Qiu et al., 2019

circ_0043278 Proliferation, invasion and migration of NSCLC miR-520f/ROCK1, CDKN1B and AKT3 Cui et al., 2019

circRAD23B Progression of NSCLC miR-593e3p/CCND2 and
miR-653e5p/TIAM1

Han et al., 2019

circNT5E Cell growth, proliferation, and migration of NSCLC miR-134 Dong et al., 2020

hsa_circ_0013958 Proliferation, invasion, and apoptosis of lung adenocarcinoma miR-134/cyclin D1 Zhu et al., 2017

circ_0000376 Glycolysis, cell viability, invasion and migration of NSCLC miR-1182/NOVA2 Li Y. et al., 2020

hsa_circ_0000064 Proliferation, apoptosis, and metastasis of lung cancer Cell cycle regulators (p21WAF1, cyclin
D1, and CDK6) and apoptotic factors
(caspase-3, caspase-9, and bax)

Luo et al., 2017

hsa_circ_0007385 NSCLC progression miR-181/Bcl-2 and CDK1 Jiang et al., 2018

circBANP Proliferation, invasion, migration, and apoptosis of lung cancer miR-503/LARP1 Han et al., 2018

circVANGL1 Proliferation, migration, invasion, and apoptosis of NSCLC miR-195/Bcl-2 and Bax Wang et al., 2019d

circFOXM1 Proliferation, invasion, migration, and apoptosis of NSCLC miR-1304-5p/ PPDPF and MACC1 Liu G. et al., 2019

circ_0026134 Proliferation, metastasis, and apoptosis of NSCLC miR-1287/PIK3R3 and
miR-1256/TCTN1

Chang et al., 2019

circRNA 100146 Proliferation, invasion, and apoptosis of NSCLC miR-361-3p and miR-615-5p/ NFAT5,
COL1A1, TRAF3, and MEF2C

Chen L. et al., 2019

circCDR1 Cell viability, migration, invasion, and apoptosis of NSCLC miR-219a-5p/SOX5 Li Y. et al., 2020

circ-ENO1 Glycolysis, proliferation, apoptosis, migration and EMT of lung
adenocarcinoma

miR-22-3p/ENO1 Zhou J. et al., 2019

circ-CPA4 Cell growth, mobility, stemness, drug resistance, and CD8+ T cell
inactivation in the tumor immune microenvironment of NSCLC

let-7/PD-L1 Hong et al., 2020
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TABLE 3 | Dysregulated tumor-suppressive circRNAs in lung cancer.

circRNA Function Mechanism References

circESRP1 EMT and drug sensitivity of SCLC miR-93-5p/Smad7/p21(CDKN1A)/TGF-β Huang W. et al., 2019

circITCH proliferation of NSCLC miR-7 and miR-214/ T-cell factor, β-catenin,
c-Myc, and cyclin D1

Wan et al., 2016

circ_0001649 growth and metastasis of NSCLC miR-331-3p and miR-338-5p Liu T. et al., 2018

circPTK2 EMT and metastasis of NSCLC miR-429 and miR-200b-3p/TIF1γ/TGF-β Wang et al., 2018

circFOXO3 Proliferation, invasion, and migration of NSCLC miR-155/FOXO3 Zhang et al., 2018c

hsa_circ_100395 Proliferation, invasion, and migration of lung cancer miR-1228/TCF21 Chen D. et al., 2018

hsa_circ_0033155 Proliferation and migration of NSCLC PTEN Gu et al., 2019

circSMARCA5 Proliferation and chemo-sensitivity of NSCLC miR-19b-3p/HOXA9 Wang et al., 2019g; Tong, 2020

hsa_circ_0007059 Proliferation and EMT of lung cancer miR-378/Wnt/β-catenin and ERK1/2 Gao et al., 2019

circARHGAP10 NSCLC progression miR-150-5p/GLUT1 Jin et al., 2019

circPTPRA EMT and metastasis of NSCLC miR-96-5p/RASSF8 Wei et al., 2019

has_circ_0043256 Proliferation and apoptosis of NSCLC miR-1252/ITCH/Wnt/β-catenin Tian et al., 2017

circNOL10 Proliferation, apoptosis, and cell cycle progression
of lung cancer

SCLM1/the HN polypeptide family Nan et al., 2018

the involvement of EIF3a in tumorigenesis and drug resistance
of lung cancer. Recently, it is found that the expression of
hsa_circ_0004350 and hsa_circ_0092857, both derived from
EIF3a, varies prominently in cisplatin-resistant lung cancer cell
line and the parental cell line. Manipulated regulation of the
two circEIF3as affects cisplatin sensitivity of lung cancer cells.
Further bioinformatic analysis indicates that the two circEIF3as
are not only related to translational regulation, but also showing
functional synergy with their parental gene EIF3a, thus serving
as potential therapeutic targets during lung cancer management
(Huang M.S. et al., 2019).

Targeted Therapy
EGFR-tyrosine kinase inhibitors (EGFR-TKIs) have become
important constituents for NSCLC treatment these years.
Despite the good initial responses, tumor progression is
systematically observed due to the emergence of acquire
resistance. Furthermore, detection for EGFR driver mutation is
hindered by problems such as cancer heterogeneity and lack
of cancer tissues. By screening circRNAs expression profile
via circRNA microarray, it is found that hsa_circ_0109320
and hsa_circ_0134501 are upregulated in gefitinib-effective
NSCLC patients. Moreover, hsa_circ_0109320 expression is
associated with better progression-free survival (PFS), indicating
its potential role as a prognostic biomarker for gefitinib-treated
NSCLC patients (Liu Y. et al., 2019). Similarly, hsa_circ_0004015
is identified to be highly expressed in NSCLC cells and tissues.
Patients with high expression of hsa_circ_0004015 often have
a worse overall survival rate. Further study indicates that
hsa_circ_0004015 promotes NSCLC progression and gefitinib
resistance through sponge for miR-1183 and induction of 3-
phosphoinositide-dependent protein kinase 1 (PDPK) as well as
the downstream AKT pathway (Zhou Y. et al., 2019). Recently,
circRNA expression profiles have been explored in Osimertinib
(AZD9291)-resistant NSCLC cells and the result shows that the
most modulated circRNAs are involved in regulation of cancer-
related pathways including proliferation, invasion, apoptosis,

and resistance to chemotherapeutic drugs as well as γ-radiation
(Chen T. et al., 2019).

Another role of circRNAs during tumorigenesis is the
formation of fusion circRNAs (f-circRNAs) derived from
chromosomal translocations (Guarnerio et al., 2016). It is
demonstrated that f-circEA-2a which derived from back splicing
of the EML4-ALK fusion gene promotes cell invasion and
migration but not cell proliferation in NSCLC. Interestingly,
f-circEA-2a is detected in tumor tissues but not plasma of EML4-
ALK-positive NSCLC patients (Tan et al., 2018).

Immunotherapy
Anti-PD-1-based immunotherapy has led to an effective
response in multiple advanced cancers, lung cancer included.
However, more than half of NSCLC patients lack a long-
term response to this immunotherapy (Melosky et al., 2019).
Emerging evidence show that dysregulated chemokine receptor
expression is one of the critical intrinsic reasons for tumor-
promotion and immune system evasion (Adrover et al.,
2019). Recently, it is found that circFGFR1 may act as a
sponge for miR-381-3p, thereby promoting NSCLC progression
and resistance to anti-PD-1 therapy by up-regulating CXCR4
expression. CircFGFR1 is upregulated in NSCLC tissues with
its expression closely correlated with unfavorable prognosis
of NSCLC patients. Manipulated upregulation of circFGFR1
promotes the proliferation, invasion, migration, and immune
evasion of NSCLC cells, while knockdown of CXCR4 resensitizes
NSCLC cells to anti-PD-1 immunotherapy (Zhang P. et al.,
2019). As is mentioned above, circ-CPA4 can regulate cell
growth, mobility, stemness and drug resistance in NSCLC
cells and inactivates CD8+ T cells in the tumor immune
microenvironment through the let-7 miRNA/PD-L1 axis. On the
one hand, PD-L1 selfregulates NSCLC cell malignant activities.
On the other hand, secreted PD-L1 by exosomes inactivates
CD8+ T cells by activating extracellular and intracellular
pathways and mediates cell death to facilitate immune evasion
(Hong et al., 2020).
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circRNAs as Promising Therapeutics for
Lung Cancer
Regarding the onco- and tumor suppressive- roles in lung
cancer, circRNAs provide insight into the exploration of novel
strategies in lung cancer management. Moreover, as mentioned
above, circRNAs are more suitable for targeted molecular therapy
because of their stable, tissue specific, and ceRNA-equivalent
characteristics. Further investigation is needed to translate
circRNAs into clinics and provide a foundation for developing
novel potential therapeutic strategies for lung cancer and improve
the prognosis of the patients.

DISCUSSION

Despite significant advances in diagnosis and treatment, lung
cancer remains the leading cause of death worldwide with its
underlying mechanisms remaining largely undiscovered. A major
obstacle of improving clinical outcomes is to identify sensitive
biomarkers and novel therapeutics for individualized diagnosis
and treatment of lung cancer. In recent years, thousands of
circRNAs have been identified with the rapid development of
NGS technology and bioinformatics. Although considered as
splicing by-products initially, circRNAs are now becoming a
hotspot in the field of cancer owing to their conservation
across species, the relative high stability and abundance, and
the accessibility in body fluids, especially blood. They reveal
diverse regulatory functions on genes and proteins involved in
cancer cell proliferation, invasion, migration, cell cycle, apoptosis,
and drug sensitivity. Moreover, recent studies have shown that
the role of circRNAs in cancer is mainly dependent on the
circRNA–miRNA–mRNA regulatory network, indicating their
potential functions in the regulation of transcriptional and post-
transcriptional levels. Other mechanisms include interacting with
RBPs, translating into either peptides or full-length proteins,
and regulating transcription. This provides novel biomarkers
for lung cancer prognosis prediction, especially considering
the lack of reliable clinical biomarkers in SCLC. In addition,

engineered circRNAs can be applied to effectively sequester
not only RNAs (including miRNAs), but also DNAs and RBPs
with specific sequences both in vitro and in vivo, providing
promising molecular targets for the therapy of lung cancer
(Lasda and Parker, 2014).

However, it should be noted that the study on circRNAs
in lung cancer is still in the early stage. The functions and
underlying mechanisms of circRNAs in the regulatory network
of tumorigenesis and progression remains largely unknown and
needs to be further studied in more cell lines and clinical
samples. Moreover, problems such as the high cost of experiment,
difficulties in detection and monitoring, and the potential side
effects, are still limiting the application of circRNAs in clinic.
We hope that in the future, with the rapid development of
bioinformatic technology and universal studies in patient tissue
samples, circRNAs could help to achieve better individualized
diagnosis and treatment of lung cancer.
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The m6A Reader YTHDF1 Facilitates
the Tumorigenesis and Metastasis of
Gastric Cancer via USP14 Translation
in an m6A-Dependent Manner
Xiao-Yu Chen†, Rui Liang†, You-Cai Yi, Hui-Ning Fan, Ming Chen, Jing Zhang*‡ and
Jin-Shui Zhu*‡

Department of Gastroenterology, Shanghai Jiao Tong University Affiliated Sixth People’s Hospital, Shanghai, China

Objectives: N6-methyladenosine (m6A) RNA methylation is implicated in the
progression of multiple cancers via influencing mRNA modification. YTHDF1 can act as
an oncogene in gastric cancer (GC), while the biological mechanisms via which YTHDF1
regulates gastric tumorigenesis through m6A modification remain largely unknown.

Methods: GEO and TCGA cohorts were analyzed for differentially expressed m6A
modification components in GC clinical specimens and their association with clinical
prognosis. Transwell and flow cytometry assays as well as subcutaneous xenograft
and lung metastasis models were used to evaluate the phenotype of YTHDF1 in
GC. Intersection of RNA/MeRIP-seq, luciferase assay, RIP-PCR, RNA pull-down and
MeRIP-PCR was used to identify YTHDF1- modified USP14 and its m6A levels in GC
cells.

Results: High-expressed YTHDF1 was found in GC tissues and was related to
poor prognosis, acting as an independent prognostic factor of poor survival in GC
patients. YTHDF1 deficiency inhibited cell proliferation and invasion (in vitro), and
gastric tumorigenesis and lung metastasis (in vivo) and also induced cell apoptosis.
Intersection assays revealed that YTHDF1 promoted USP14 protein translation in an
m6A-dependent manner. USP14 upregulation was positively correlated with YTHDF1
expression and indicated a poor prognosis in GC.

Conclusion: Our data suggested that m6A reader YTHDF1 facilitated tumorigenesis
and metastasis of GC by promoting USP14 protein translation in an m6A-dependent
manner and might provide a potential target for GC treatment.

Keywords: tumorigenesis, N6-methyladenosine, metastasis, gastric cancer, YTHDF1, USP14

Abbreviations: 3′-UTR, 3′-prime untranslated region; AR, androgen receptor; DEGs, differentially expressed genes; Co-
IP, Co-immunoprecipitation; GC, gastric cancer; GEO, Gene Expression Omnibus; GO, Gene ontology; GSEA, gene
set enrichment analysis; IHC, immunohistochemistry; KEGG, Kyoto Encyclopedia of Genes and Genomes; m6A, N6-
methyladenosine; MeRIP, Magna methylated RNA immune-precipitation; NC, negative control; PBS, phosphate buffered
saline; RT-qPCR, quantitative real-time PCR; RIP, RNA immunoprecipitation; TCGA, The Cancer Genome Atlas; TMA,
Tissue microarray; USP14, Ubiquitin-specific protease 14.
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INTRODUCTION

According to the global cancer statistics, gastric cancer (GC) is
regarded as one of the most invasive cancers and is the third
leading factor of tumor-associated deaths (Bray et al., 2018).
Past decades have witnessed great progress in diagnostic and
therapeutic methods of GC including targeted therapy, and
immunotherapy (Ajani et al., 2017). However, the prognosis of
patients with GC, especially metastatic cases, is still unfavorable
due to the aggressiveness of the tumor. Hence, we urgently
need to obtain novel biomarkers for early screening and
treatment of GC.

N6-methyladenosine (m6A) is a member of chemical
modifications commonly and abundantly found in eukaryotic
mRNAs, and its modification is a dynamic and reversible process
(Jia et al., 2011). The m6A RNA modification is initiated by
the m6A methyltransferases complex (“writers”) including
METTL3/14, WTAP, RBM15/15B, and KIAA1429, reversed
by demethylases (FTO and ALKBH5, named “erasers”), and
identified by m6A binding proteins (YTHDF1/2/3, IGF2BP1,
HNRNPA2B1, and BCDIN3D, termed as “readers”) (Chen et al.,
2019). Recent studies have indicated that the m6A modification
is involved in tumor progression and acts as tumor-promoting
or suppressive factors in multiple malignancies (Lin et al.,
2016; Ma et al., 2017; Liu J. et al., 2018; Chen et al., 2019).
METTL3 enhances metastasis of GC by m6A modification of
ZMYM1/E-cadherin signaling, and WTAP results in a poor
clinical prognosis of GC through regulating tumor-related
immune infiltration (Yue et al., 2019; Li H. et al., 2020). YTHDF1
(m6A “reader”) can be used to predict poor prognosis in breast
cancer and promotes FDZ5 translation, leading to hepatocellular
carcinoma progression (Anita et al., 2020; Liu X. et al., 2020).
YTHDF1 can bind to mammalian mRNAs and alter the protein
translation process in a m6A-dependent manner. For example,
it can modulate the translational efficiency of cyclin-dependent
kinases in lung adenocarcinomas (Shi et al., 2019), EIF3C in
ovarian cancer (Liu T. et al., 2020), and lysosomal cathepsins in
melanoma and colorectal cancer (Han D. et al., 2019).

YTHDF1 has been reported to facilitate gastric carcinogenesis
by controlling FDZ7 translation (Pi et al., 2020). Herein, we
observed the significant upregulation of YTHDF1 in GC tissue
samples and its increased expression was associated with poor
prognosis, acting as an independent prognostic factor in patients
with GC. Knockdown of YTHDF1 repressed GC cell growth and
metastasis in vitro and in vivo. Intersection co-analysis for RNA-
seq, Methylated RNA immune-precipitation (MeRIP)-seq/qPCR,
Co-immunoprecipitation (Co-IP), RNA immunoprecipitation
(RIP)-qPCR, luciferase analysis and RNA pull-down revealed that
YTHDF1 facilitated USP14 translation via a m6A-dependent way,
and USP14 upregulation harbored a positive correlation with
YTHDF1 expression and indicated a poor prognosis in GC.

MATERIALS AND METHODS

Clinical Data
The clinichological data of GC patients as well as the
relative expression levels of YTHDF1, and proteasomal protein

catabolic process-related factors (USP14, ANKIB1, ARIH1,
ATXN3, GABARAPL2, NUB1, PRKACA, PSMC1, SIRT2, TLK2,
UBQLN1, and WAC) were obtained from Gene Expression
Omnibus (GEO) database (n = 592, including datasets GSE29272,
GSE14210, GSE15459, GSE22377, and GSE51105)1 and The
Cancer Genome Atlas (TCGA) RNA-seq database (n = 292)2.
The protocols used in our study were approved by the
Ethics Committee of the Shanghai Sixth People’s Hospital. The
comprehensive clinical and pathological information of GC
patients for YTHDF1 expression are summarized in Tables 1, 2
and Supplementary Tables S1, S2.

Tissue Microarray and
Immunohistochemistry Analysis
Human microarrays (TMA) from GC were purchased
from Shanghai Outdo Biotech Co. Ltd. (Shanghai, China).
TMA1 contained 80 pairs of tumors and matched adjacent
tissues (Supplementary Tables S3, S4) and TMA2 included
28 tumors and matched adjacent tissues. Signed written
informed consent was obtained and patient’s personal
data were deleted. The expression and cellular localization
of YTHDF1 and USP14 in GC tissues were detected by
immunohistochemistry (IHC) analysis. The GC tissues were
stained with anti-YTHDF1 (ab230330, Abcam, United States)
and anti-USP14 (ab71165, Abcam, United States) antibodies.
The IHC assay involved the following steps: 3 mm thick
sections were used in IHC examinations, and were unmasked
with sodium citrate-hydrochloric acid buffer (10 mM, pH
6.0) at 90◦C for 30 min. Afterward, the sections were
incubated with 0.03% hydrogen peroxide for 10 min to
eliminate the effect of endogenous peroxidase activity. Next,
incubate the sections with blocking serum for 30 min at
room temperature. The blocking serum was composed
of 0.04% bovine serum albumin (A2153, Sigma- Aldrich,
Shanghai, China) and 0.5% normal goat serum (X0907, Dako
Corporation, Carpinteria, CA, United States) in phosphate
buffered saline (PBS) solution. After dilution of anti-YTHDF1
(1:100, ab230330, Abcam, United States) and anti-USP14
(1:500, ab71165, Abcam, United States) antibodies, they were
used for incubation of slides overnight at 4◦C. Next, PBS
was used to wash sections 3 times for 5 min each. Finally,
0.5% casein and 5% normal serum were added to block
non-specific staining for 30 min at room temperature, and
the sections were stained with diaminobenzidine substrate
and hematoxylin. The tissue slides were evaluated under a
microscope (Nikon ECLIPSE Ci) and pictures were scanned
by PANNORAMIC MIDI (3DHISTECH, Hungary) and
acquired using CaseViewer_2.0 (v2.0.2.61392, 3DHISTECH,
Hungary). The histochemistry score as quantification of
protein expression was analyzed using DensitoQuant 1.15.4 of
QuantCenter (3DHISTECH, Hungary) (Azim et al., 2015; Yeo
et al., 2015). IHC scoring was evaluated by two independent
clinical pathologists.

1http://kmplot.com/analysis/
2https://genome-cancer.ucsc.edu
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RNA Extraction and Real-Time
Quantitative PCR
Total RNA was extracted from GC cell lines using TRIzol
reagent (Invitrogen, Thermo Fisher Scientific, United States). The
cDNA was synthesized from RNA using the PrimeScriptTM RT
kit (RR037A, Takara, Japan). TB GreenTM Premix Ex TaqTM

II kit (RR820A, Takara, Japan) and QuantStudio 7 Flex were
used in real-time quantitative PCR (RT-qPCR) based on the
manufacturer’s guidelines. The mRNA expression levels of target
genes were measured using the 2−4 4 Ct method. β-ACTIN was
used as control to normalize mRNA expression. The primers used
are listed in Supplementary Table S5.

Cell Culture
The human GC cell line AGS was purchased from Shanghai
Institute of Biochemistry and Cell Biology. Other human GC cell
lines (MKN-28, HGC-27, BGC-823, SGC-7901) and the normal
human gastric epithelial cell line GES-1 were obtained from
stocks at Digestive Disease Laboratory of Shanghai Sixth People’s
Hospital. These cell lines were tested to be free of Mycoplasma
and were maintained in Ham’s F-12K (Kaighn’s) Medium
(Gibco, United States) or Roswell Park Memorial Institute
1640 medium (Hyclone, Logan, Utah) supplemented with 10%
heat-inactivated fetal bovine serum (Gibco, United States), 100
µg/mL of streptomycin and 100 U/mL of penicillin (Penicillin-
Streptomycin-Glutamine, Gibco, United States) in a humidified
incubator containing 5% CO2 at a temperature of 37◦C.
Cells were treated with 100 µM IU1 (Selleck, Houston, TX,
United States) wherever mentioned.

Western Blotting
GC cells were obtained and extracted using Radio
Immunoprecipitation Assay Lysis buffer (Beyotime, Shanghai,
China) and equal volumes of GC cells extracted solution were
separated on 7.5 and 10% SDS-PAGE gels (EpiZyme, Shanghai,
China). The protein bands were transferred from SDS-PAGE gels
to PVDF membranes (Millipore PVDF 0.45 µm). The primary
antibodies anti-YTHDF1 (ab230330, Abcam, United States),
anti-USP14 (ab71165, Abcam, United States), and anti-β-actin
(Proteintech, IL, United States) were added at a dilution of
1:500 or 1:1,000 according to the manufacturer’s instructions
and incubated at 4◦C overnight. The secondary antibodies
(horseradish peroxidase [HRP] rabbit IgG) were diluted 1:3,000
and incubated with the membranes at room temperature for
2 h. The membranes were washed thrice with Tris-Buffered
Saline with Tween-20, and the immunoreactive bands were
developed using SuperSignal West Dura Extended Duration
Substrate (Thermo Fisher Scientific, IL, United States) based on
established protocols. These experiments were repeated more
than three times.

Cell Transfection and Lentiviral Infection
The steps of transient transfection and lentiviral infection were
performed as described previously (Liu H. et al., 2018). Plasmid-
mediated USP14 (NM_005151) vector, and lentiviral vectors
for YTHDF1 knockdown and overexpression (NM_017798)

TABLE 1 | Correlation of YTHDF1 expression with clinicopathological parameters
in GC patients (GSE29272).

Variables Cases (n) YTHDF1 expression P

Low (%) High (%)

Age

≤60 75 52 (69.3) 23 (30.7) 0.1675

>60 51 41 (80.4) 10 (19.6)

Gender

Male 99 75 (75.8) 24 (24.2) 0.3428

Female 27 18 (66.7) 9 (33.3)

Tumor grade

1∼2 45 32 (71.1) 13 (28.9) 0.609

3 81 61 (75.3) 20 (24.7)

Pathological stage

I/II 10 10 (100.0) 0 (0.0) 0.0619

III/IV 116 83 (71.6) 33 (28.4)

Lymph node metastasis

No 26 21 (80.8) 5 (19.2) 0.333

Yes 98 70 (71.4) 28 (28.6)

Unknown 2 2 (100.0) 0 (0.0)

Family history of upper gastrointestinal cancer

No 97 69 (71.1) 28 (28.9) 0.2134

Yes 29 24 (82.8) 5 (17.2)

Lesion

GNCA 71 60 (84.5) 11 (15.5) 0.002**

GCA 55 33 (60.0) 22 (40.0)

**P < 0.01; GNCA, gastric non-cardia adenocarcinomas; GCA, gastric cardia
adenocarcinomas.

were purchased from Genechem (Shanghai, China) and an
empty vector was used as the negative control (NC). The
m6A binding site mutated USP14 vector was obtained from
RiboBio (Guangzhou, China) with mutation from A to C
at No.721 sequence site. The additional details relative to
overexpression plasmids of USP14 and YTHDF1 are presented in
Supplementary Table S6. The target sequence of the two shRNA
(shYTHDF1) were 5′-CGAAAGAGTTTGAGTGGAA-3′ and 5′-
TCGTTACATCAGAAGGATA-3′ (Supplementary Table S7).

Cell Proliferation, Migration, and
Invasion Assays
Transwell migration and invasion assays were conducted as
previously described (Liu H. et al., 2018). Cell proliferation was
detected using a CCK-8 assay kit (Dojindo Corp, Japan) and
colony formation. These experiments were repeated at least three
times. CCK-8 assay: 1 × 103cells were seeded in a 96-well plate.
After cells culture for 0, 24, 48, 72, and 96 h, dyeing solution
containing 10 µL CCK-8 reagent and 90 µL culture medium were
added directly to each well. The cells were then incubated at 37◦C
for 1 h, and the optional density was measured at 450 nm. Colony
formation: GC tumor cells were trypsinized before collection for
counting and a total of 1–3× 103 cells were plated in 6-well plates
and cultured at 37◦C in an incubator for 7 days. After washing
three times using PBS and fixed with 4% paraformaldehyde,
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TABLE 2 | Cox regression analysis of YTHDF1 as potential overall survival predictor (GSE29272).

Variables Univariate cox regression analysis Multivariate cox regression analysis

RR (95% CI) P-value RR (95% CI) P-value

Age (years, ≤ 60 vs. > 60) 0.777 (0.515–1.173) 0.229 NA NA

Gender (Male vs. Female) 1.164 (0.715–1.895) 0.541 NA NA

Tumor grade (I + II vs. III) 0.721 (0.467–1.111) 0.138 NA NA

Pathological stage (I + II vs. III + IV) 0.777 (0.359–1.681) 0.522 NA NA

Family history of upper gastrointestinal cancer (No vs. Yes) 0.831 (0.506–1.364) 0.463 NA NA

Lesion (GNCA vs. GCA) 0.864 (0.572–1.304) 0.486 NA NA

Lymph node metastasis (No vs. Yes) 0.355 (0.197–0.639) 0.001** 0.354 (0.196–0.639) 0.001**

YTHDF1 (Low vs. High) 0.607 (0.386–0.954) 0.03* 0.607 (0.386–0.955) 0.031*

*P < 0.05; **P < 0.01.
RR, relative risk; NA, not analyzed; GNCA, gastric non-cardia adenocarcinomas; GCA, gastric cardia adenocarcinomas.

colonies were stained by 0.1% crystal violet solution. Cell colonies
were then imaged, counted and analyzed.

Flow-Cytometric Analysis
Cell apoptosis assays and cell cycle assays were performed and
three separate experiments were performed for each clone. For
cell apoptosis assays: cells were trypsinized and washed with
cold PBS (4◦C), and then resuspended in Annexin V Binding
Buffer in accordance with the manufacturer’s instructions for
the APC Annexin V Apoptosis Detection Kit with 7-AAD
(Biolegend, San Diego, CA, United States). Five microliter APC
Annexin and 7-AAD Viability Staining Solution were added to
the cells in the dark conditions, respectively, and incubate at
room temperature (25◦C) for 15 min. A volume of 400 µL of
Annexin V Binding Buffer was then added to each tube before
the flow cytometry analysis on a CytoFLEX flow cytometer
(Beckman Coulter, CA, United States). Cell apoptosis was
analyzed using the CytoFLEX-CytExpert Software 2.4 (Beckman
Coulter, CA, United States). For cell cycle assays: after washing
cells twice in cold PBS and RNase incubation for 30 min at
37◦C, the fixed cells were dyed by PI (Cell Cycle DNA Content
Quantitation Assay, Solarbio, Beijing, China) for 30 min at
room temperature in the dark. Each sample was then filtered
through a 50 µm nylon strainer to obtain single-cell suspension.
The samples were then analyzed on CytoFLEX flow cytometer
(Beckman Coulter, CA, United States). FlowJo 10.4 software
(Becton, Dickinson & Company, NJ, United States) was used for
cell cycle analysis.

Animal Models
The animal experiments were approved by the Ethics Committee
of Shanghai Jiao Tong University Affiliated Sixth People’s
Hospital. For the subcutaneous xenotransplanted tumor model,
BALB/c nude mice (15 mice, 5–6 weeks old) were purchased from
JRDUN Biotechnology (Shanghai, China) and fed in specific-
pathogen-free animal houses. BGC-823 cells (5 × 106) with
shRNAs targeting YTHDF1 (sh-YTHDF1) or shRNAs targeting
control (sh-NC) were trypsinized and suspended in 0.1 mL PBS
and injected subcutaneously into the BALB/c mice (n = 5 mice
per group). For the subcutaneous-injected mice, the volume
of xenograft growth was examined by measuring tumor width

and length every 3 days [volume = (length × width2)/2].
After 5 weeks, mice were sacrificed, and the tumor weight was
recorded. Tissues were paraffin-embedded, dissected, and stained
with hematoxylin-eosin. For the pulmonary metastasis model,
mice were randomly divided into 2 groups (n = 4 per group)
and 2 × 106 cells were injected into the tail vein of the BALB/c
nude mice. After 4 weeks, mice were sacrificed and lungs were
extracted and fixed 4% paraformaldehyde in PBS. The number
of metastatic lung tumors from GC cells was further counted.
Tissues were paraffin-embedded, dissected, and stained with
hematoxylin-eosin.

RNA-Seq
Total RNA was isolated from stable YTHDF1 control or
knockdown AGS cells using Trizol reagent (Invitrogen)
according to the manual’s instruction. Poly(A) mRNA
purification was followed and extracted from 50 to 100
ng total RNA using NEB Next R© Poly(A) mRNA Magnetic
Isolation Module. The library establishment and next generation
sequencing (NGS) were performed by Aksomics (Shanghai,
China). Every group was sequenced in triplicate.

RNA Immunoprecipitation (RIP) Assay
RIP assay was carried out by using a RNA Immunoprecipitation
Kit (Geneseed Biotech, Guangzhou, China). According to the
manufacturer’s instructions, BGC-823 cells were seeded in T75
flasks at 70–80% confluence. 5 µg of YTHDF1 (ab220162,
Abcam) antibody and a corresponding control rabbit IgG
(2729, Cell Signaling Technology) were conjugated to Dynabeads
(11203D, Thermo Fisher Scientific) by incubation for 2 h at
4◦C, followed by washing 2 times and incubation with 450
µL supernatants of BGC-823 cells and 350 µL RIP buffer A
(provided by RIP Kit) for 2 h at 4◦C. After washing with 1
mL RIP buffer B (provided by RIP Kit) for 5 times, beads
were resuspended in 300 µL Buffer E (provided by RIP Kit),
followed by DNA digestion through DR Columns (provided by
RIP Kit). Input and co-immunoprecipitated RNAs were extracted
by DR Columns (provided by RIP Kit) and analyzed by RT-
qPCR.
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Methylated RNA Immune-Precipitation
(MeRIP)-Seq and MeRIP-qPCR
Total RNAs were extracted from sh-YTHDF1 and sh-NC
transfected AGS cells by using TRIzol reagent (Invitrogen).
Seq-StarTM poly(A) mRNA Isolation Kit (Arraystar, Rockville,
United States) was used to obtain complete mRNA. After
fragmentating, RNA (100 nucleotides) was incubated with
m6A antibody (ABE572, Merck Millipore, Germany) for
immunoprecipitation based on the instructions of the MeRIP
m6A Kit (Merck Millipore, Germany). The mRNA with m6A
enrichment was then assayed using NGS or RT-qPCR. For NGS,
RNA fragments were purified from m6A-MeRIP and sequenced
with Illumina HiSeq X-10 after building the library with the
NEBNext Ultra RNA library Prep kit for Illumina (New England
BioLabs). The library establishment and NGS were performed
by Aksomics (Shanghai, China). MeRIP-qPCR was executed to
measure the m6A levels of USP14 in GC cells. Primers targeting
the m6A negative/positive site of MAP2K4 were used as the
negative/positive control (Supplementary Table S5).

Co-immunoprecipitation (Co-IP)
BGC-823 cells were washed with PBS and incubated in 200 µL
lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 15 mM
MgCl2, 5 mM EDTA, and 0.1% NP-40) containing protease
inhibitor Cocktail (Roche, Mannheim, Germany) for subsequent
Co-IP. The cell lysates were incubated with specific antibodies
against USP14 (ab71165, Abcam, United States) and YTHDF1
(ab220162, Abcam, United States) at 4◦C for 2 h, then incubated
with 2.5 mg Dynabeads Protein G magnetic beads (Thermo
Fisher Scientific, 10004D) at 4◦C overnight. The beads were
separated and washed with cold PBS, and Western blotting
analysis was performed.

Luciferase Reporter Assay
The fragment of wild-type USP14 CDS (USP14) containing
predicted YTHDF1 target sites was amplified by PCR and
cloned into pGL3 vector (Promega, United States), which
included Firefly luciferase reporter genes. The wild-type
YTHDF1(YTHDF1-WT) was amplified by PCR and cloned into
pcDNA3.1 vector. The mutant YTHDF1 (YTHDF1-MUT) was
then generated by mutating the YTH domain of YTHDF1 using
Gene Mutation Kit (Takara, JAPAN). Next, the YTHDF1-MUT
or YTHDF1-WT plasmid were co-transfected with USP14 and
pRL-TK vector which included Renilla luciferase reporter genes
(Promega, United States) into AGS cells. The pcDNA3.1 vector
was used as negative control. After 48 h, the cells were harvested,
and the Firefly and Renilla luciferase activities were measured
based on a dual-luciferase reporter assay system (Promega,
United States). The relative luciferase activity was normalized to
Renilla luciferase activity (F-Luc/R-Luc).

Biotin-Coupled Probe RNA Pull Down
Assay
To confirm whether YTHDF1 protein could be pulled
down from USP14 mRNA in GC cells, biotinylated-USP14
probe was synthesized by RiboBio (Guangzhou, China)

(Supplementary Table S8). BGC-823 cells (1 × 107) were
lysed and incubated with biotin-labeled USP14 probe. Next,
the biotin-coupled RNA complex was pulled down using
streptavidin-coated magnetic beads adsorption. The enriched
YTHDF1 was analyzed by western blot analysis.

Statistical Analysis
Each experiment was repeated at least 3 times. Statistical tests
were performed using SPSS 22.0 (IBM, SPSS, Chicago, IL,
United States) and GraphPad version 8.0 Prism (GraphPad
Software, La Jolla, CA, United States). The continuous variables
were described as the mean ± standard deviations. Significant
differences were evaluated via Student’s unpaired t-test or the chi-
square test for comparisons of two groups. For multiple groups,
significant differences were analyzed by one-way ANOVA
(followed by Tukey’s honest test). Pearson’s correlation coefficient
analysis was used for analyzing correlations. Survival curves were
generated using the Kaplan-Meier method and log-rank testing.
A p-value less than 0.05 was considered statistically significant.

RESULTS

High Expression of YTHDF1 Indicated
Poor Prognosis in Patients With GC
Recent studies have revealed m6A methylation components can
act as tumor-associated factors, including “writers” (METTL3/14,
WTAP and KIAA1429), “erasers” (FTO and ALKBH5), and
“readers” (YTHDF1/2/3, HNRNPA2B1, BCDIN3D) (Lin et al.,
2016; Ma et al., 2017; Liu J. et al., 2018; Chen et al., 2019).
We herein measured the expression of these m6A-related
members in 418 patients with GC from TCGA (n = 292) and
GSE29272 (n = 126) databases (clinicopathological data shown
in Tables 1, 2 and Supplementary Tables S1, S2). Compared
with the adjacent normal tissues, KIAA1429, YTHDF1, and
HNRNPA2B1 were upregulated in GC tissues from TCGA
(Figure 1A). Furthermore, YTHDF1 expression was significantly
increased both in gastric cardia adenocarcinoma (GCA) and
gastric non-cardia adenocarcinoma (GNCA) according to the
GSE29272 dataset compared with their pair-matched normal
tissues (Figure 1B and Supplementary Figure S1A). The genetic
alterations and copy numbers of YTHDF1 were analyzed using
the cBioPortal (cBio Cancer Genomics Portal3) (Cerami et al.,
2012; Gao et al., 2013), which indicated that the YTHDF1 gene
was frequently amplified and the mRNA expression of YTHDF1
had a positive correlation with its copy number in TCGA cohort
(P< 0.001, r = 0.7106, Figure 1C). The YTHDF1 gene was altered
in 12.09% of 612 cases, including mutation (3 cases, 4.05%),
amplification (59 cases, 79.73%), and multiple alterations (1 case,
1.35%) (Supplementary Figure S1B).

Furthermore, Kaplan–Meier survival analysis demonstrated
that GC patients with high YTHDF1 expression possessed
poorer overall survival (P = 0.0352, Supplementary Figure S1C).
Consistently, the cases with YTHDF1-high expression displayed
poor survival (Figure 1D) and tumor recurrence (Figure 1E)

3http://www.cbioportal.org
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FIGURE 1 | High expression of YTHDF1 predicts a poor prognosis in patients with GC. (A) Gene expression of m6A-related compositions in patients with GC
according to TCGA dataset (unpaired or paired). (B) Gene expression of YTHDF1 in patients with GC according to GSE29272 dataset (n = 126). (C) Correlation
analysis between gene expression and the copy number status of YTHDF1 in TCGA-GC dataset. (D,E) Kaplan–Meier analysis of GC patients in GSEs dataset for the
correlations between YTHDF1 expression and overall survival. as well as tumor recurrence. (F) Kaplan–Meier analysis of GC patients with Stage III and Stage IV in
GSEs database. ADJ, adjacent normal; GC, gastric cancer. Data are shown as means ± S.D. *P < 0.05, **P < 0.01.

as compared with those with low expression in GEO database.
Although YTHDF1 expression showed no significant differences
at different stages both in TCGA and the GSE29272 dataset,
GC patients in late stages (FIGO stage III or IV) rather than in
early stages (FIGO stage I or II) with high YTHDF1 expression
tended to exhibit poor survival and tumor recurrence (Figure 1F
and Supplementary Figures S2A–C). Therefore, these results
indicated that YTHDF1 as a m6A reader was upregulated in GC
tissues and was involved with a poor prognosis in GC patients.

Receiver operating characteristic (ROC) curve analysis was
performed to determine the cutoff values of several m6A-
related proteins (METTL3/14, YTHDF1/2, ALKBH5, FTO, and
HNRNPA2B1) in TCGA cohort (Supplementary Figure S1C).
The area under the ROC curve (AUC), cutoff value, sensitivity,
and specificity of YTHDF1 were 0.52, 10.16, 97.9, and 8.2%,
respectively, in TCGA cohort (Supplementary Figure S1C),
indicating that YTHDF1 was a promising clinical marker in GC
patients. Up-expression of YTHDF1 was significantly associated
with N stage (TCGA cohort, P = 0.019), cancer lesion (GEO

cohort, P = 0.002), and tumor size (TMA1, P = 0.015) in
patients with GC (Table 1 and Supplementary Tables S1, S3).
Moreover, univariate and multivariate Cox regression analyses
suggested that YTHDF1 expression and lymph node metastasis
were independent prognostic factors of poor survival in patients
with GC from the GSE29272 dataset, while pathological stage
and age were independent prognostic factors in TCGA cohort
(Table 2 and Supplementary Tables S2, S4).

YTHDF1 Knockdown Repressed
Proliferation and Invasion in vivo and
in vitro
We analyzed the RNA expression level of YTHDF1 using
the Cancer Cell Line Encyclopedia4 database, in which AGS
had the highest expression of YTHDF1 among GC cell lines
(Supplementary Figure S3A). YTHDF1 protein expression

4https://portals.broadinstitute.org/ccle
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was measured in various GC cell lines by western blotting
analysis, which indicated that it was much higher in BGC-
823, AGS, SGC-7901 cell lines than the normal gastric gland
cell line GES-1 (Figure 2A). We then characterized the altered
cellular phenotypes by establishing stable shRNA-expressing
AGS and BGC-823 cell lines (Figure 2B). YTHDF1 silencing
significantly impaired cell growth of AGS and BGC-823 cells
as indicated by CCK-8 assays and colony formation assays
(Figures 2C,D) and repressed cell migration and invasion
abilities as indicated by the Transwell assay (Figures 2E,F). Flow-
cytometric analysis showed that downregulation of YTHDF1
induced cell cycle arrest at the S phase (Supplementary
Figure S3B) and cell apoptosis (Figure 2G and Supplementary
Figure S3C) as compared with the sh-NC group in BGC-
823 and AGS cells.

The oncogenic role of YTHDF1 in GC tumorigenesis
was investigated by subcutaneous or tail vein injection
with control cells or YTHDF1-deficient BGC-823 cells into
immunocompromised nude mice (Figure 3A). Low YTHDF1
expression lead to delayed cell growth of BGC-823-engrafted
tumors (Figures 3B,C), and the tumor weight and volume in
YTHDF1 deficient tumors were reduced in comparison with
the sh-NC group (Figures 3D,E). The effects of YTHDF1

knockdown on GC with lung metastasis were observed and
the number of metastatic lung tumors from GC was markedly
decreased in YTHDF1-deficient mice as compared with the
sh-NC group (Figures 3F,G).

Transcriptome-Wide Identification of
YTHDF1 Targets in GC Cells
In order to comprehensively discover the downstream
mechanisms of YTHDF1 in GC tumorigenesis, we performed
a RNA-seq analysis, which revealed obvious subsets of
transcripts that were altered due to the downregulation of
YTHDF1 in AGS cells (P < 0.05, Supplementary Table S9).
Among these, 430 genes were altered with absolute value of
log2(Fold Change) > 0.585, including 276 upregulated and
154 downregulated genes (Figure 4A and Supplementary
Figures S4A,B). These altered genes were distributed in different
position across chromosomes (Supplementary Figure S4C).
Gene ontology (GO) analysis and gene set enrichment analysis
(GSEA) were used to analyze the regulatory roles of YTHDF1
in GC. GO analysis revealed that the differentially-expressed
genes (DEGs) regulated by YTHDF1 participated in cell
proliferation, protease inhibitor complex activity, cell migration,

FIGURE 2 | Inhibition of YTHDF1 suppresses cell growth, migration and invasion in vitro. (A) Western blot analysis for YTHDF1 expression in GES-1 and GC cell
lines (AGS, BGC-823, SGC-7901, MKN-28, and HGC-27). (B) Western blot analysis for YTHDF1 expression in AGS and BGC-823 cells infected with two
independent shRNAs targeting YTHDF1 (sh-YTHDF1#1/2) or a control shRNA (sh-NC). (C) Colony formation assays of AGS and BGC-823 cells described in (B).
(D) CCK8 assays were performed to determine cell growth in YTHDF1 deficient AGS and BGC-823 cells as described in (B). (E,F) Knockdown of YTHDF1
decreased the abilities of migration and invasion of AGS and BGC-823 cells. Scale bar, 50 µm. (G) Cell apoptosis analysis was used to compare down-expression
of YTHDF1 (sh-YTHDF1#1/2) with the sh-NC group in BGC-823 and AGS cells. *P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance.
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FIGURE 3 | YTHDF1 deficiency inhibits tumor growth and metastasis in vivo. (A) Different systems were applied including GC cell lines and cell line-derived
xenograft. (B) Images of the sacrificed nude mice injected with YTHDF1 deficient BGC-823 cells and its control group in mice subcutaneous tumor model (n = 5).
(C) (Left) Tumors were dissected from the nude mice of each group and photographed at 36 days after transplantation. (Right) Representative histology images in
mice subcutaneous tumor model (n = 5, 200×). Scale bar, 50 µm. (D,E) Tumor weight and the tumor growth curve were measured in YTHDF1 down-expressed
cells and its control group. (F) (Left) Images of pulmonary metastases in mice lung metastasis model (n = 4). Black arrows: metastatic nodules. (Right)
Representative histology images in mice lung metastasis tumor model (n = 4, 100×). Scale bar, 200 µm. (G) The numbers of lung metastatic nodules in YTHDF1
down-expressed cells and its control group. GC, gastric cancer. Data are shown as means ± S.D. *P < 0.05, **P < 0.01.

the Wnt signaling pathway, programmed cell death, ubiquitin-
ubiquitin ligase activity and the ERK1 and ERK2 cascade
(Figure 4B). GSEA analysis also indicated that YTHDF1
upregulated or downregulated target genes were related to
mononuclear cell proliferation, phosphoprotein binding,
protease binding, and epithelial cell migration (Figures 4C–G
and Supplementary Figure S4D), suggesting that YTHDF1
could act as an oncogene in GC.

YTHDF1 can promote protein translation in a m6A-
dependent manner (Wang et al., 2015). We then identified
possible transcripts modified by m6A methylation in sh-
YTHDF1 and sh-NC transfected AGS cells. Using m6A-
seq analysis, we identified 6753 m6A peaks with significant
dysregulation (P < 0.05, Supplementary Table S10). The
m6A peaks were uniquely detected with the GUGAAACC

motifs (P = 5.7 × 10−13), mainly enriched in 3′UTR regions
(Figures 4H,I), and were located on different chromosomes
(Figure 4J). Functional annotation of these m6A-modified
mRNAs suggested several obvious Kyoto Encyclopedia of Genes
and Genomes (KEGG) gene clusters such as the Wnt signaling
and MAPK signaling pathways (Supplementary Table S11).

USP14 Was a m6A Modification Target of
YTHDF1 in GC Cells
RIP-seq has been used to screen YTHDF1-specific binding
genes in Hela cells and 14,912 potential genes were found
to bind with YTHDF1 (Wang et al., 2015). To explore the
direct interactions between YTHDF1 and its targeted transcripts,
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FIGURE 4 | Identification of the YTHDF1 targets in GC cells. (A) Heatmap of DEGs identified by RNA-seq. (B) GO enrichment analysis of DEGs. (C–G) GSEA plots
showing the pathways of DEGs enriched by YTHDF1 were involved in GC cells. (H) Metagene profiles of m6A enrichment across mRNA transcriptome in BGC-823
cells. (I) The m6A motif detected by the DREME motif analysis with m6A-seq results. (J) The distribution of m6A peaks on different chromosomes. DEGs,
differentially expressed genes; GC, gastric cancer; GO, Gene ontology; GSEA, gene set enrichment analysis. ***P < 0.001.

the intersection co-analysis of RNA-seq, MeRIP-seq, and RIP-
seq suggested that 2138 YTHDF1-binding genes were marked
by m6A, among which 1,732 (81.01%) genes were not altered

under YTHDF1 deficiency as shown by RNA-seq (Figure 5A).
These results demonstrated that YTHDF1 did not affect the
RNA abundance of these 1732 targets in GC cells, which is
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FIGURE 5 | USP14 as the m6A modification target of YTHDF1. (A) Overlapping analysis of genes identified by MeRIP-seq, RIP-seq, and RNA-seq. (B) GO analysis
of genes described in (A). (C) The expression of genes related to proteasomal protein catabolic process in patients with GC according to TCGA dataset. (D–F)
Correlation analysis between YTHDF1 expression and USP14, ANK1B1 and SOCS4 expression in TCGA-GC dataset. (G–J) Kaplan-Meier analysis of GC patients in
TCGA dataset for the correlations between USP14/SIRT2/SOCS4/GABARAPL2 expression and overall survival. (K) Predicted m6A sites in USP14 mRNA by
SRAMP program, especially in 3’UTR. (L) The m6A abundance on USP14 mRNA transcripts in sh-YTHDF1 and sh-NC infected AGS cells as examined by
MeRIP-seq. Data represented the mean ± SD. GC, gastric cancer; GO, Gene ontology; TCGA, The Cancer Genome Atlas; MeRIP, Methylated RNA
immune-precipitation. Data are shown as means. *P < 0.05, **P < 0.01, ****P < 0.0001; ns, no significance.
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in accordance with previous findings that YTHDF1 regulates
protein synthesis in a m6A-dependent manner in ovarian cancer
(Liu T. et al., 2020). In addition, functional annotation confirmed
the foregoing 1,732 genes were involved in multiple biological
processes covering proteasomal protein catabolic processes
(Figure 5B). The expression of these proteasomal protein
catabolic process-related factors was analyzed in patients with GC
according to TCGA dataset (Figure 5C). YTHDF1 exhibited a
positive correlation with proteasomal protein catabolic process-
related factors in GC tissue samples from TCGA cohort
(Figures 5D–F and Supplementary Figure S5A), but showed
an opposite tendency between gene expression and tumor
prognosis, with only ubiquitin-specific protease 14 (USP14)
upregulation indicating a shorter overall survival in patients
with GC (Figures 5G–J and Supplementary Figure S5B). RNA
m6A enrichment tended to locate at the 3’-UTR and near
the stop codons of mRNA which contains the classic RRACH
sequence (R = G/A and H = A/C/U) (Meyer et al.,
2012; Yi et al., 2020). Analysis of USP14 mRNA with SRAMP
program (Zhou et al., 2016) predicted the potential m6A sites
on 3’UTR (Figure 5K and Supplementary Table S12), which
was consistent with our results showing m6A peaks were located
on USP14 mRNA in sh-YTHDF1 and sh-NC transfected AGS
cells, especially on the 3’UTR as demonstrated by the MeRIP-
seq findings (Figure 5L and Supplementary Figure S5C). USP14
as a component of proteasome-associated deubiquitinating
enzyme complex can eliminate ubiquitins from proteasome-
bound substrates and inhibit the proteasome non-catalytically
(Chen et al., 2018). Consistently, StarBase2.0 predicted that
USP14 mRNA can be enriched by YTHDF1 (ENCORI: The
Encyclopedia of RNA Interactomes) (Li et al., 2014). These
data suggested that USP14 was a m6A modification target of
YTHDF1 in GC cells.

Upregulation of USP14 Reversed the
Tumor Depressed Phenotype in
YTHDF1-Knochdown GC Cells
In order to confirm whether YTHDF1 could affect USP14 protein
translation in GC cells, we measured the effects of YTHDF1 on
transcription and translation levels of USP14. We found that
knockdown of YTHDF1 decreased the protein abundance of
USP14 rather than its transcription levels in AGS and BGC-
823 cells as expected by RT-qPCR and western blotting analysis
(Figures 6A,B). Based on the Co-IP assay, YTHDF1 protein was
not bound to USP14 protein in BGC-823 cells (Supplementary
Figure S6A). Instead, RIP-qPCR of YTHDF1 was used to certify
the interrelationship between YTHDF1 and USP14 mRNA and
we found that USP14 RNA was enriched in YTHDF1 bound
RNA in BGC-823 GC cells (Figure 6C). To further explore the
effects of m6A modification on the status of USP14 mRNA, we
used MeRIP-qPCR to indicate significant m6A enrichment sites
in USP14 mRNA as compared with the control group in AGS
cells (Figure 6D). To confirm the binding of USP14 mRNA with
YTHDF1 protein, a RNA pull down assay was performed in
BGC-823 cells using a biotinylated USP14 probe and showed
that YTHDF1 was abundantly pulled down by the biotin-coupled

USP14 probe rather than the control probe in BGC-823 cells
(Figure 6E). Additionally, we intended to construct a pGL3-
USP14 vector with the USP14 CDS cloned into pGL3 vector with
Firefly luciferase reporter genes. The luciferase assay showed that
YTHDF1-WT rather than YTHDF1-MUT enhanced expression
of USP14 in AGS cells (Figure 6F). These data illustrated that
YTHDF1 could directly bind with USP14 mRNA and facilitated
its protein translation in a m6A-dependent manner.

According to a previous study, silencing of USP14 induced
GC cell apoptosis (Fu et al., 2018). We then investigated whether
overexpression of USP14 could restore the delayed tumor
progression phenotype in YTHDF1-deficient AGS and BGC-823
cells. The overexpression of USP14 in these two cell lines
was determined by western blotting analysis (Supplementary
Figure S6B). Knockdown of YTHDF1 suppressed cell growth
and colony formation, while overexpression of USP14 could
rescue sh-YTHDF1 expressing GC cells from these effects
(Supplementary Figures S6C,D). Furthermore, according
to SRAMP website prediction of m6A site on USP14 mRNA
transcript variant 1 and the primer used in MeRIP-qPCR, we
constructed the USP14- MUT vector linked with 3×FLAG
(Figure 6G). Because of USP14-MUT vector with 3×FLAG
(∼2 kDa), two protein bands were endogenous USP14 and
overexpressed USP14 protein with 3×FLAG, respectively
(Figure 6G). We then used this potential m6A binding site
mutated USP14 in the same experiments, which could not
rescue the impaired effects caused by sh-YTHDF1 (Figures 6G–
I). In addition, IU1, a small-molecule inhibitor of USP14,
accelerated the degradation of a subset of proteasome substrates
and suppressed cell proliferation, migration, and invasion in
lung cancer and cervical cancer (Lee et al., 2010; Han K.H.
et al., 2019; Xu et al., 2020). The IC50 of IU1 is 4.7 µM5, and
concentrations of 50–100 µM IU1 have been used in multiple
cancer cells (Li H. et al., 2019; Xia et al., 2019; Sharma et al.,
2020; Sharma and Almasan, 2020). We found that the viability of
AGS and MKN-28 cells was remarkably suppressed by 75–100
µM IU1, while not in BGC-823 cells (Figure 6J). The cell
migration and invasion induced by YTHDF1 overexpression
were reversed by exposure to IU1 (100 µM) (Figures 6K,L
and Supplementary Figure S6E).

YTHDF1 Harbored a Positive Correlation
With USP14 Expression in GC Patients
To further investigate the expression of YTHDF1 or USP14 in
GC patients, IHC analysis was performed within the TMA1
and TMA2 cohorts containing 80 and 28 pairs of GC samples,
respectively (Figures 7A–F). We found that YTHDF1 expression
was markedly elevated in GC tissues as compared with the
normal tissues preferentially in the TMA1 cohort (Figures 7A,C)
rather than in the TMA2 cohort (Supplementary Figures S6F,G),
while USP14 was upregulated in GC tissues in the TMA2 cohort
(Figures 7B,D). Pearson correlation analysis demonstrated that
YTHDF1 harbored a positive correlation with USP14 expression
in GC tissues in the TMA2 cohort (P = 0.0273, Figure 7E).
Survival analysis suggested GC patients with high-regulated

5https://www.selleck.cn/products/iu1.html
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FIGURE 6 | USP14 rescues the tumor suppressive effect caused by YTHDF1 deficiency. (A) RT-qPCR analysis of the relative RNA level of USP14 in sh-YTHDF1 and
sh-NC infected AGS and BGC-823 cells. (B) Western blot analysis of the protein level of USP14 in sh-YTHDF1 and sh-NC infected AGS and BGC-823 cells.
(C) YTHDF1-RIP-qPCR confirmed the interrelationship between YTHDF1 and USP14 mRNA in BGC-823 cells. (D) MeRIP-qPCR validation of m6A levels of USP14
in AGS cells. Primers to m6A negative region of MAP2K4 as the negative control and primers to m6A positive region of MAP2K4 as the positive control. (E) RNA
pull-down with a biotin-labeled USP14 probe was implemented in BGC-823 cells, followed by western blot to test the enrichment of YTHDF1. (F) (up) Diagrammatic
sketch showed the construction of YTHDF1-WT and YTHDF1-MUT. (down-left) Diagrammatic sketch showed that the fragment of wild-type USP14 CDS (USP14)
containing predicted YTHDF1 target sites was cloned into pGL3 vector with Firefly luciferase reporter genes. (down-right) The luciferase activity analysis in AGS cells.
(G) (Left) Western blot analysis of the protein levels of YTHDF1 and USP14 in YTHDF1-deficient AGS and BGC-823 cells under overexpression of USP14
(USP14-WT) or potential m6A binding site mutated USP14 (USP14-MUT). (Right) Diagrammatic sketch showed the construction of USP14-WT and USP14-MUT.
(H,I) Cell growth was measured by colony formation and CCK8 assays in AGS and BGC-823 cells described in (G). (J) Different dosages of IU1 (0, 1, 5, 25, 50, 75,
and 100 µM) were used in MKN-28, BGC-823 and AGS GC cell lines. (K) Western blot analysis and gray value analysis of the protein level of USP14 and YTHDF1 in
YTHDF1-overexpressed and normal control MKN-28 cells. (L) Cell growth was measured by CCK8 assays in MKN-28 cells described in (K). GC, gastric cancer;
MeRIP, Methylated RNA immune-precipitation. Data represented the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001; ns, no significance.

YTHDF1 (TMA1 cohort) or USP14 (TCGA cohort) expression
exhibited worse overall survival as compared with patients having
low YTHDF1 or USP14 expression (Figures 5G, 7F).

DISCUSSION

Increasing studies have revealed that m6A modification plays
a role in both physio-biochemical and pathophysiological
processes, including carcinogenesis (Cheng et al., 2019; Jin et al.,
2019; Li T. et al., 2019). Tumor growth and invasion can be

effectively controlled by m6A-related “writers,” “readers,” and
“erasers,” which determine the fate of m6A-modified mRNAs
(Lin et al., 2016; Ma et al., 2017; Li N. et al., 2020; Wang
et al., 2020). Higher expression of YTHDF1 is related to
worse prognosis in patients with hepatocellular carcinoma
(Liu X. et al., 2020). We herein found that YTHDF1 as a
m6A “reader” was upregulated in GC tissues. About 93.8% of
GC patients (Supplementary Figure S1C) exhibited relatively
increased YTHDF1 expression, and its upregulation predicted
a poor prognosis in patients with GC. A shortcoming of our
clinical evidence is that we mainly use public database and
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FIGURE 7 | The correlation between YTHDF1 and USP14 expression in GC patients. (A) Representative immunohistochemical images of YTHDF1 expression in
primary gastric tumor tissues and normal gastric gland. Scale bar, 50 µm. (B) Relative USP14 protein expression in normal gastric gland and GC specimens
assessed by immunohistochemistry in TMA2 (n = 28). Scale bar, 50 µm. (C) Comparison between protein expression of YTHDF1 in patients with GC and their
adjacent normal tissues according to TMA1 dataset (n = 80). (D) Comparison between protein expression of USP14 in patients with GC and their adjacent normal
tissues according to TMA2 dataset (n = 28). (E) The correlation analysis of the protein expressions of YTHDF1 and USP14 in GC samples and their adjacent normal
tissues (n = 28; Pearson’s and spearman’s correlation test). (F) Kaplan-Meier analysis of GC patients in TMA1 dataset (n = 80) for the correlations between YTHDF1
expression and overall survival. (G) Proposed model underlying the roles of YTHDF1-mediated USP14 translation in GC. GC, gastric cancer; TMA, tissue microarray;
Data are shown as means ± S.D.

the sample size of TMA is limited. However, these findings
illuminate us that the m6A might take part in GC tumorigenesis
to a certain degree. In addition, YTHDF1 deficiency impaired
GC cell growth and metastasis and induced cell apoptosis
both in vitro and in vivo. The previous experiments indicated
YTHDF1 likely represented a common oncogenic driver in
gastric carcinogenesis.

RNA-seq and GO analyses indicated that YTHDF1-regulated
DEGs were enriched in cell proliferation, migration and
metastatic signaling pathways. Intersection co-analysis for RNA-
seq, MeRIP-seq and RIP-seq revealed that YTHDF1 could
mediate m6A methylation to affect proteasomal protein catabolic
process, of which USP14 acted as an important target of
YTHDF1. The inhibition of USP14 can be speculated to be
particularly cytotoxic to cancer cells as it could block proteasome
function and increase proteasomal substrates (D’Arcy et al.,
2015). Moreover, USP14 is associated with tumorigenesis and
drug resistance including breast cancer, lung cancer, and GC (Fu
et al., 2018; Han K.H. et al., 2019; Xia et al., 2019). Recently,
researches have revealed USP14 enhances cisplatin resistance

through affecting Akt/ERK signaling pathways and accelerates
cell proliferation and migration in GC (Fu et al., 2018; Han
K.H. et al., 2019; Xia et al., 2019). We herein found that USP14
was identified as a downstream target of YTHDF1, and had a
positive correlation with YTHDF1 expression, which indicated
poor prognosis in GC.

It has been demonstrated that inhibition of USP14-mediated
androgen receptor (AR) deubiquitination contributes to the
downregulation of AR proteins and suppression of AR-related
signaling pathways, such as Wnt/β-catenin in breast cancer (Liao
et al., 2018; Xia et al., 2019). YTHDF1 can promote gastric
carcinogenesis by controlling translation of Frizzled7 in GC (Pi
et al., 2020). We herein found that YTHDF1 could promote
USP14 protein translation in a m6A-dependent manner and
USP14 overexpression reversed the tumor suppressive effects
caused by YTHDF1 knockdown in GC cells.

In addition, the regulating or inhibiting factors of m6A
modifications may act as potential strategies for cancer
treatments, as observed for MA2 in glioblastoma multiforme,
R-2HG/SPI1/FB23-2 in acute myeloid leukemia, and CA4 in
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colorectal cancer (Zhang et al., 2016; Weng et al., 2017; Su
et al., 2018; Huang et al., 2019). We herein found that IU1 as
an inhibitor of USP14 could repress cell growth and restore
the tumor-promoting effects induced by YTHDF1 in GC cells.
Our findings indicated that YTHDF1 could promote USP14
protein translation in a m6A-dependent manner, leading to
gastric carcinogenesis (Figure 7G).

YTHDF1 can promote GC progression via affecting
translation of Frizzled7 in GC, which is an important receptor
to transmit Wnt signaling (Pi et al., 2020). To our knowledge, we
provides evidence that m6A RNA methylation can modulate not
only the Wnt signaling but also the ubiquitin-related pathway to
influence GC progression. Since the dysregulation of USP14 has
been implicated in multiple human cancers (Li H. et al., 2019;
Sharma et al., 2020), USP14 inhibitors may be also applicable to
treat other cancers with altered USP14 activity. In conclusion,
our results prove that YTHDF1 recognizes the m6A target on
USP14 mRNA and subsequently promotes the translation of
USP14. Based on our findings and the above research reports,
we believe that the YTHDF1-USP14 expression mechanism
has important significance in GC development, and should be
forward investigated for GC prognosis, treatment or diagnosis.
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miRNAs, one of the members of the noncoding RNA family, are regulators of
gene expression in inflammatory and autoimmune diseases. Changes in miRNA pool
expression have been associated with differentiation of CD4+ T cells toward an
inflammatory phenotype and with loss of self-tolerance in autoimmune diseases.
Vogt–Koyanagi–Harada (VKH) disease is a chronic multisystemic pathology, affecting
the uvea, inner ear, central nervous system, and skin. Several lines of evidence
support an autoimmune etiology for VKH, with loss of tolerance against retinal
pigmented epithelium-related self-antigens. This deleterious reaction is characterized by
exacerbated inflammation, due to an aberrant TH1 and TH17 polarization and secretion
of their proinflammatory hallmark cytokines interleukin 6 (IL-6), IL-17, interferon γ, and
tumor necrosis factor α, and an impaired CD4+ CD25high FoxP3+ regulatory T cell
function. To restrain inflammation, VKH is pharmacologically treated with corticosteroids
and immunosuppressive drugs as first and second line of therapy, respectively.
Changes in the expression of miRNAs related to immunoregulatory pathways have
been associated with VKH development, whereas some genetic variants of miRNAs
have been found to be risk modifiers of VKH. Furthermore, the drugs commonly used
in VKH treatment have great influence on miRNA expression, including those miRNAs
associated to VKH disease. This relationship between response to therapy and miRNA
regulation suggests that these small noncoding molecules might be therapeutic targets
for the development of more effective and specific pharmacological therapy for VKH. In
this review, we discuss the latest evidence regarding regulation and alteration of miRNA
associated with VKH disease and its treatment.

Keywords: miRNA, VKH, autoimmunity, inflammation, therapy

INTRODUCTION

miRNAs are short noncoding RNAs (20–23 nucleotides) that finely tune gene expression
(Starega-Roslan et al., 2011). The best-known mechanism of action for gene regulation by
miRNAs is post-transcriptional regulation through RISC-dependent binding or degradation
of the target mRNAs, but other new functions have been described (Wu et al., 2010;
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Ramchandran and Chaluvally-Raghavan, 2017). Recognition of
targets by the miRNA is based on the pairing of a short fragment
(6–8 bases), which allows a single miRNA to bind to and regulate
the activity of multiple targets, pathways, and, thus, cell function.
This feature of miRNA also affects the immune system, and
their dysregulation can lead to immune-related disorders such
as autoimmunity.

The pathogenic role of miRNA in autoimmune diseases stems
from their capability to regulate the activity of major immune-
related pathways and immune cell function. For instance, Toll-
like receptors (TLRs) and their signaling pathways are regulated
by miRNAs, suggesting that miRNA dysregulation could reshape
response toward endogenous DAMPs and foster autoimmunity
(Nahid et al., 2011; He et al., 2014). Moreover, aberrant miRNA
expression disrupts regulatory T cell (Treg) and tolerogenic
dendritic cell function and phenotype stability (Li et al., 2014;
Wu et al., 2018; Dekkema et al., 2019; Lyszkiewicz et al.,
2019; Zhang et al., 2019; Chen et al., 2020; Geng et al., 2020;
Tang et al., 2020). Involvement of miRNA in autoimmune
diseases is also supported by the correlation of miRNA levels
and many disease biomarkers. Let-7f expression is reduced
in active systemic lupus erythematosus (SLE) and negatively
correlates with disease activity index and proteinuria (Geng
et al., 2020), whereas circulating exosomal miR-21 and miR-146a
correlate with anti-SSA and anti-dsDNA levels, respectively (Li
et al., 2020). Several miRNAs correlate with anti-citrullinated
peptide antibodies levels and disease activity score in patients
with rheumatoid arthritis (RA) (De La Rosa et al., 2020).
miRNA may promote autoimmunity through direct binding to
TLR-7/8 (Kim et al., 2016; Hegewald et al., 2020); therefore,
general overexpression of miRNA may facilitate self-tolerance
failure through mechanisms other than regulation on gene
expression. In summary, miRNAs contribute to autoimmunity
through the disruption of immune-related pathways, impairment
of regulatory cell phenotype, or mounting immune response
through TLR engagement.

VOGT–KOYANAGI–HARADA DISEASE

Vogt–Koyanagi–Harada (VKH) disease is a rare autoimmune
disease with ocular and systemic compromise. Ocular
manifestations are characterized mainly by severe bilateral
granulomatous panuveitis, exudative retinal detachments,
and optic nerve edema, with eventual development of ocular
pigmentary changes as late features in advanced phases of
the disease. Systemic symptoms include tinnitus, hearing loss,
vertigo, meningismus, vitiligo, and poliosis (O’keefe and Rao,
2017). A recent study suggests that delayed diagnosis and
inadequate treatment lead to iris deterioration in patients with
chronic recurrent disease (Chee and Win, 2021). VKH disease
generally affects young women and is the leading cause of
noninfectious uveitis with a known etiological factor in many
high-risk populations, including India, Thailand, and Chile,
and a major cause of panuveitis in Tunisia, Iran, Japan, and the
Hispanic population in the United States (Liberman et al., 2015;
O’keefe and Rao, 2017).

VKH etiopathogenesis is only partially understood; however,
several studies provide evidence that the disease is caused by
the immune reaction against pigmented cell–related autoantigens
(Kobayashi et al., 1998; Otani et al., 2006). Therefore,
understanding the mechanisms of immune dysregulation in
the context of VKH is necessary to create more specific and
effective therapies.

CD4+ T Cells and Their Role in VKH
Pathogenesis
As an autoimmune disorder, immune response against self is
an underlying pathogenic mechanism of VKH, leading to the
destruction and functional impairment of the retinal pigment
epithelium and adjacent layers of the eye. Failure of tolerogenic
mechanisms lead to the activation of self-reactive immune
cells, including CD4+ T cells, which are major contributors to
VKH. Increased CD4+ T cell population has been observed in
the aqueous humor and cerebrospinal fluid of VKH patients
(Norose et al., 1990, 1994; Ohta and Yoshimura, 1998). Initial
phenotypical characterization of CD4+ T cells in VKH revealed
an immune response shifted toward the TH1 subset with
increased expression of activation markers CD25 and HLA-DR,
the proinflammatory cytokine interferon γ (IFN-γ), and the
transcription factor T-Bet (Norose and Yano, 1996; Li et al., 2005;
Sugita et al., 2006). Notably, these TH1 cells have cytolytic activity
on melanoma cells and cells expressing peptides related with
pigmented tissues and express memory T cell markers, suggesting
that loss of tolerance toward pigmented epithelium and long-
term TH1 response are a crucial factor in VKH pathogenesis
(Norose and Yano, 1996; Sugita et al., 2006). The introduction of
the TH17 subset expanded the knowledge of the role of CD4+ T
cells in autoimmunity. Interleukin 23 (IL-23) is a cytokine of the
IL-12 family that induces differentiation of CD4+ T cells into the
TH17 subpopulation to secrete the hallmark cytokine IL-17. IL-23
is increased in patients with active VKH (Wang et al., 2018) and is
associated with active uveitis (Chi et al., 2008; Przepiera-Bedzak
et al., 2016; Velez et al., 2016), and its administration enhances
IFN-γ and IL-17 secretion in peripheral blood mononuclear
cells (PBMCs) and isolated CD4+ T cells in vitro (Chi et al.,
2007). Treatment-induced remission is associated with decreased
expression of TH1 and TH17 cytokines and related transcription
factors in PBMCs and CD4+ T cells (Liu et al., 2009).

Treg-inducing mechanisms seem to be defective in VKH; in
a study published by Commodaro et al. (2010), no difference
in the frequency of circulating Treg between controls and VKH
patients, with or without active disease, was found. However, IL-
10 and transforming growth factor β secretion was significantly
stronger in the PBMCs from inactive VKH patients after
in vitro stimulation, whereas IFN-γ was higher in active patients,
without differences between control and inactive VKH groups
(Commodaro et al., 2010). This study suggests that function,
rather than number of Tregs, and maybe other regulatory cells,
is impaired in VKH patients with active disease. In agreement
with this, serum levels of the immunoregulatory cytokine IL-27
are decreased in patients with active VKH, which suppresses IL-
17 expression and promotes IL-10 secretion in naive CD4+ T cells
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(Wang et al., 2012). Another immunoregulatory cytokine, IL-35,
is also decreased in VKH patients, and culturing PBMCs with
anti-CD3 and anti-CD28 antibodies in presence of IL-35 inhibits
secretion of IFN-γ and IL-17 but enhances IL-10 release (Hu
et al., 2019). Altogether, data show that deregulation of CD4+ T
cells is an important event in VKH pathophysiology; therefore,
understanding the mechanisms that cause these changes might
be key for the development of effective therapies for this disease.

Current Pharmacological Therapies for
VKH
Systemic corticosteroids (CSs) (prednisolone) are the mainstay of
clinical management of VKH, with evidence endorsing the use of
high doses at early phases resulting in shorter treatment periods,
reduced disease severity, and better subclinical manifestations
(Chee et al., 2007; Jap et al., 2008; Kitaichi et al., 2008; Kawaguchi
et al., 2010), whereas CS administration for at least 6 months
is key to reduce the risk of recurrence (Lai et al., 2009; Errera
et al., 2011). CS therapy is known to have several side effects,
including systemic (diabetes, Cushing syndrome, osteoporosis)
and eye-related features (cataract, glaucoma, visual impairment)
(Valenzuela et al., 2020b).

Immunomodulatory therapy (IMT), including
mycophenolate mofetil (MMF), methotrexate (MTX),
cyclosporin A (CsA), and azathioprine, is usually used as a
CS-sparing treatment with successful visual acuity improvement
and reduction of sunset glow fundus development in some
reports (Agarwal et al., 2006; Shen et al., 2016; Abu El-Asrar et al.,
2017; Yang et al., 2018; Ei Ei Lin et al., 2020). Early use of CS and
IMT combined as a first-line therapy increases the chances of
remission and lowers the risk of chronic disease compared with
CS monotherapy (Herbort et al., 2017, 2019).

Biologics have been introduced in uveitis management, and
guidelines recommend them upon systemic CS/IMT treatment
failure (Rosenbaum et al., 2019; Valenzuela et al., 2020b). Studies
have shown that the use of adalimumab [anti-tumor necrosis
factor α (TNF-α) antibody] (Couto et al., 2018; Hiyama et al.,
2021) and rituximab (anti-CD20 antibody) (Abu El-Asrar et al.,
2020) improves visual acuity, alleviates inflammation, and allows
for CS tapering. Case reports have shown favorable results for the
use of infliximab (anti-TNF-α) (Wang and Gaudio, 2008; Zmuda
et al., 2013) and intravitreal bevacizumab (anti-VEGF-A) (Wu
et al., 2009; Park et al., 2011) as treatment of VKH.

miRNAs AND THEIR ROLE IN VKH
ETIOLOGY AND TREATMENT

miRNAs as Mediators of VKH
Pathogenesis
miRNAs have been implicated in the development of VKH
disease. Asakage and colleagues recently reported their results
on differentially expressed miRNAs (DEmiRs) in the serum of
patients with noninfectious uveitis, including VKH, using a
microarray approach (Asakage et al., 2020). The results revealed
a set of 188 DEmiRs in VKH patients when compared with

healthy controls (HCs), of which 59 DEmiRs were unique to
VKH when compared with sarcoidosis and Behçet’s disease
(BD). The authors used several approaches such as unsupervised
hierarchical analysis and principal component analysis to show
that VKH is related with a distinctive miRNA expression
profile compared with uveitis of different etiology. Differential
expression and copy number variation (CNV) in several miRNAs
between VKH and BD have been described, probably due to
the difference in the nature of these immunological disorders
(autoimmune/adaptive in VKH vs. autoinflammatory/innate in
BD) (Qi et al., 2013; Zhou et al., 2014; Hou et al., 2016). This
distinctive miRNA expression pattern suggests that a specific
miRNA-mediated mechanism is central to VKH pathogenesis.
A summary of the findings and a brief discussion on the role of
miRNAs involved in VKH are provided in Table 1.

miR-20a: Patients with active VKH have lower expression
of miR-20a-5p in CD4+ T cells compared to HC, which
is associated with a hypermethylated miR-20a-5p promoter
(Chang et al., 2018). Overexpression of miR-20a-5p indirectly
decreases IL-17 expression in VKH CD4+ T cells through
the regulation of oncostatin M and CCL1 expression (Chang
et al., 2018). Accordingly, a comprehensive analysis based
on literature-supported miRNA-mRNA interactions found that
miR-20a may suppress TH17 differentiation through the targeting
of several regulators (Honardoost et al., 2015). Moreover, miR-
20a expression increases upon T cell activation and inhibits
T cell receptor signaling, while also decreasing the expression
of CD69, IL-2, IL-8, and, especially, IL-10 (Reddycherla et al.,
2015). Altogether, evidence suggests that miR-20a participates in
a negative feedback loop that modulates CD4+ T cell activation
and polarization.

miR-23a: A high copy number (>2) of the miR-23a coding
gene is linked to VKH. This CNV directly correlates with

TABLE 1 | miRNAs associated with VKH.

miRNA Association with VKH Immunoregulatory
effect

References

miR-20a Hypermethylated
promoter and
downregulated in
CD4+ T cells

Inhibits TH17
differentiation.
Attenuates TCR
signaling and regulates
cytokine expression in
activated CD4+ T cells.

Qi et al., 2013

miR-23a Increased gene copy
number

Correlates with IL-6
expression in PBMCs.
Regulates the
expression of IL-17 and
HO-1.

Wu et al., 2009

miR-146a Increased gene copy
number

Promotes Treg function.
Inhibits TH17
differentiation.

Wu et al., 2009

miR-182 Association with C
allele of the
rs76481776 variant

Evidence indirectly
suggests a protective
effect in VKH.

Liu et al., 2016

miR-301a Decreased gene copy
number

Promotes TH17 and
TNF-α expression.

Wu et al., 2009

let-7g-3p Good predictor of VKH Unknown. Park et al., 2011
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TABLE 2 | miRNAs involved in response to pharmacological treatment in VKH and
corticosteroid resistance.

Corticosteroid response

miRNA Regulation by
corticosteroids

References

miR-17-92
cluster
(miR-20a)

Downregulation Moschos et al., 2007; Molitoris et al.,
2011

miR-20a Downregulation Moschos et al., 2007

miR-23a Inhibition of maturation Hudson et al., 2014b; Kwok et al., 2017

miR-146a Downregulation Heier et al., 2016; Lambert et al., 2018

miR-182 Downregulation Dong et al., 2020

miR-301a Downregulation Moschos et al., 2007

Corticosteroid resistance

miRNA Contribution to CSR References

miR-15b-16 Prevent CSR Rainer et al., 2009

miR-21 Promotes CSR Wang et al., 2011

miR-29a Promotes CSR Glantschnig et al., 2019

miR-124 Controversial Lv et al., 2012; Kim et al., 2015; Liang
et al., 2017

miR-128b Prevents CSR Kotani et al., 2009

miR-130b Promotes CSR Tessel et al., 2011

miR-182 Promotes CSR Yang et al., 2012; Hudson et al., 2014a

miR-221 Controversial Kotani et al., 2009; Xu et al., 2019

miR-222 Promotes CSR Xu et al., 2019

miR-331-3p Promotes CSR Lucafo et al., 2020

IMT

Drug Effect References

Mycophenolate
mofetil

Upregulates miR-146a
in SLE CD4+ T cells

Tang et al., 2015

Methotrexate Downregulates
miR-146a-5p but
MTX-responsive
patients have increased
levels comapred to
non-MTX-responsive
patients.

Singh et al., 2019

Cyclosporine A Upregulates miR-23a
and miR-182

Van Den Hof et al., 2014; Yang et al.,
2017

Adalimumab Decreases
miR-146a-5p

Prattichizzo et al., 2016; Mensa et al.,
2018

increased miR-23a expression in PBMCs from HC, whereas
overexpression of miR-23a increases IL-6 production in human
retinal pigment epithelial cells (Hou et al., 2016). Conversely,
miR-23a has been shown to restrain IL-17-mediated response by
inhibiting the nuclear factor κB pathway (Hu et al., 2017) and to
facilitate the expression of the immunoregulatory enzyme HO-1
by targeting its inhibitor Bach-1 (Su et al., 2020). Thus, miR-23a
might act as a balancing factor in inflammation with opposing
proinflammatory and anti-inflammatory roles. It is possible that
the effect of miR-23a depends on the tissue it is expressed or is
modified by the inflammatory milieu.

miR-146a: High miR-146a encoding gene copy number has
been linked to VKH disease (Hou et al., 2016). However,

no association with several miR-146 single-nucleotide
polymorphisms (SNPs) was found in a similar study
performed by the same authors (Zhou et al., 2014). The
C allele of one of these SNPs (rs2910164 C > G) impairs
nuclear processing of the pri-miR-146a, leading to lower
mature miR-146a expression in PBMCs (Jazdzewski et al.,
2008; Zhou et al., 2014), indicating that it has a functional
impact. The lack of association of SNPs with VKH and the
increased number of miR-146a encoding gene copies in these
patients suggest that an aberrant overexpression of mature
miR-146a, not its down-regulation, may have a role in the
disease. Evidence supports a tolerogenic effect of miR-146a by
enhancing Treg function (Lu et al., 2010; Zhou et al., 2015)
and impairing TH17 differentiation (Liu et al., 2016; Li et al.,
2017). How a high CNV of miR-146a gene is linked to VKH
is still unknown.

miR-182: The rs76481776 SNP, located in the MIR182 gene,
is associated with a limited expression of mature miR-182 in CC
in versus TT or CT genotypes (Saus et al., 2010). A significant
association with VKH was found for the C allele but not the
T allele of the rs76481776 SNP in a Han Chinese cohort (Yu
et al., 2014). Accordingly, the authors also report that CD4+ T
cells from HC with the CC genotype have a lower expression
of mature miR-182 compared with cells from donors carrying
at least one T allele (Yu et al., 2014). Given the association of
the C allele with VKH, the evidence suggests that miR-182 has
protective role.

miR-301a: A low copy number of the MIR301A gene is
associated with VKH in the Han Chinese population (Hou
et al., 2016). Literature shows that miR-301a promotes TH17
differentiation and TNF-α production by targeting SNIP1 and
PIAS3 (Mycko et al., 2012; He et al., 2016). There seems to
be a contradiction between the low copy number and the
proinflammatory effects of miR-301a in the context of VKH,
although the relationship between CNV and expression has not
been evaluated. A low copy number could sustain enough miR-
301a expression without the activation of compensating negative
feedback mechanisms, promoting inflammation.

Let-7g-3p: In one study, the authors identified a predictive
panel of 24 miRNA in VKH patients, with let-7g-3p being the
best predictor (Asakage et al., 2020), suggesting a strong link
with disease development. A decreased expression of circulating
let-7g-3p was found in Graves disease patients in remission
(Hiratsuka et al., 2016). However, most of the knowledge on the
immunoregulatory effects of let-7g is related with let-7g-5p (Yang
et al., 2020). The role of let-7g-3p in VKH is still unclear.

miRNA in Therapeutic Response
The current pharmacologic treatment for VKH includes
immunosuppressive and immunomodulatory drugs, which are
known to modify the expression of some of the previously
reported VKH-related miRNA, accordingly to in vitro, animal
model, and human studies evidence.

Corticosteroids: The expression of miR-20a, or the cluster
miR17-92 in which it is located, is down-regulated by CS in
mice lung tissue and murine T-cell lymphoma cell line (Moschos
et al., 2007; Molitoris et al., 2011). The same effect is seen
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in miR-301a expression after CS stimulation (Moschos et al.,
2007). Intracellular level of miR-23a is also down-regulated
by dexamethasone (Dex) in both human endothelial cells and
C2C12 myotubes, although the mechanism seems to be different
as the one for miR-20a and miR-301a (Hudson et al., 2014b; Kwok
et al., 2017). The use of Dex reverts the up-regulation of miR-
146 induced by TNF-α in human bronchial epithelial cells in vitro
and also in serum of pediatric patients with Crohn disease (Heier
et al., 2016; Lambert et al., 2018). Finally, Dex decreases the level
of miR-182 in preadipocytes, allowing C/EBPα-driven adipocyte
differentiation (Dong et al., 2020).

MMF: The active metabolite of MMF, mycophenolic acid, is
known to up-regulate miR-146a in T cells from SLE patients after
treatment, according to microarray-based analysis and reverse
transcription–quantitative polymerase chain reaction analysis
(Tang et al., 2015).

MTX: RA patients who exhibit clinical improvement have
higher blood levels of miR-146a-5p and other miRNAs at 4
months after MTX treatment initiation, supporting a mechanistic
link between miR-146a expression and therapeutic response to
MTX (Singh et al., 2019).

CsA: CsA-induced gingivae growth in rats occurs together
with an up-regulation of miR-23a (Yang et al., 2017). The same
effects over miR-23a expression are seen in primary mouse
hepatocytes treated with CsA in vitro (Van Den Hof et al., 2014).

Adalimumab: A significant down-regulation of miR-146a-
5p was observed in PBMCs from psoriasis patients after
adalimumab treatment, reaching levels compared to that of the
HC group (Mensa et al., 2018). Moreover, adalimumab reduced
the expression of miR-146a in THP-1 and endothelial cells in vitro
(Prattichizzo et al., 2016).

It is important to remark that none of the aforementioned
publications established a direct relationship between changes
of the miRNA expression and the therapeutic actions of the
VKH-related drugs. How these drugs modify the levels of
miRNAs is still under investigation, although the mechanisms
behind might include (i) impairment of miRNA maturation, as
CS down-regulates Dicer, Drosha, and DGCR8/Pasha and also
induces G3BP1, all of them key miRNA processing enzymes
(Smith et al., 2010; Kwok et al., 2017; Clayton et al., 2018); (ii)
increasing exocytosis of miRNAs, making them less available
intracellularly (Hudson et al., 2014a,b); (iii) histone modification
in the promoter of miRNA genes by action of MMF or
its active metabolite (Tang et al., 2015; Yang et al., 2015);
and (iv) miRNA gene expression by indirect mechanisms that
include extracellular adenosine signaling after MTX treatment
(Yang et al., 2021). Less known are the mechanisms for CsA
and adalimumab, although both drugs modify the profile
expression of a number of different miRNAs (Gooch et al., 2017;
Wcislo-Dziadecka et al., 2018).

A different but relevant aspect in the pharmacological
treatment of VKH is the refractoriness to CS treatment [CS
resistance (CSR)]. Recently, our group published a systematic
review about CSR, a crucial issue in the management of
uveitides such as VKH, which can be broadly described as
refractory uveal inflammation despite the administration of
high dose of CS (Valenzuela et al., 2020a). The VKH-related

miRNA miR-182 confers CSR inhibiting apoptosis in lymphoma
cells (Yang et al., 2012) and prevents CS-induced atrophy of
skeletal muscle by targeting FOXO3a (Hudson et al., 2014a).
Most data on CSR-related miRNAs involve molecules with
unknown relationship with VKH; a summary of these findings
is provided next as it could guide future research (Table 2).
Evidence shows that a shift in the relative expression of the
GR isoforms α and β after CS treatment constitutes a marker
for CS sensitivity (Urzua et al., 2017, 2019). In this regard,
miR-130b overexpression was found to inhibit GRα expression
and conferred CSR to multiple myeloma cells (Tessel et al.,
2011). Similarly, transfection of miR-331-3p mimic promotes
CS sensitivity in several transformed cell lines by inhibiting
JKN phosphorylation (Lucafo et al., 2020). Other pro-CSR
miRNAs are miR-21, miR-29a and miR-222; conversely, miR-
15b, miR-16, and miR-128b promote CS sensitivity in cancer
cells (Kotani et al., 2009; Rainer et al., 2009; Wang et al.,
2011; Glantschnig et al., 2019; Xu et al., 2019). Evidence for
both pro- and anti-CSR effects of miR-221 and miR-124 has
been reported (Kotani et al., 2009; Lv et al., 2012; Kim et al.,
2015; Liang et al., 2017; Xu et al., 2019). Although CSR is
a slightly different concept in the context of cancer, it also
involves impairment of pharmacological response to CS; hence,
some of these miRNAs might be involved in CSR in VKH
patients as well.

CONCLUSION

VKH is a complex disease with incompletely understood
etiopathogenesis that requires aggressive long-term CS treatment
with a high risk of wasting side effects. Although scarce,
evidence supports a role of miRNAs in the development of VKH
disease, therapeutic response, and even therapy resistance. Future
research in the subject must aim to not only find the association
of miRNAs with VKH and the use of therapy but also determine
potential targets and functional changes caused by the differential
expression of these regulatory RNAs. Successful progress in this
task will contribute to establishing new pharmacological targets
and biomarkers for disease activity and therapy response.
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Induced Spermatogonial Stem Cell/
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Spermatogonial stem cells (SSCs) are the basis of spermatogenesis, and any damage to 
SSCs may result in spermatogenic disorder and male infertility. Chromium (Cr) (VI) is a 
proven toxin, mutagen, and carcinogen, perpetually detrimental to environmental organisms 
due to its intricate and enduring detoxification process in vivo. Despite this, the deleterious 
effects of Cr (VI) on SSCs and the underlying mechanisms remain poorly understood. In 
this study, we identified that Cr (VI) impaired male reproductive system in mouse testes 
and induced mitochondrial dynamic imbalance and mitophagy in SSCs/progenitors. Cr 
(VI) also downregulated the RNA N6-methyladenosine (m6A) modification levels in 
mitochondrial dynamic balance and mitophagy genes in SSCs/progenitors. Inspiringly, 
the toxic effects of Cr (VI) could be relieved by melatonin pretreatment. Melatonin alleviated 
Cr (VI)-induced damage to male reproductive system and autophagy in mouse testes. 
Melatonin also attenuated Cr (VI)-induced cell viability loss and reactive oxygen species 
(ROS) generation, as well as mitochondrial dynamic disorders and mitophagy in SSCs/
progenitors. The protective roles of melatonin against Cr (VI)-induced mitophagy were 
exerted by restoration of METTL3-mediated RNA m6A modification and activation of 
mitochondrial fusion proteins MFN2 and OPA1, as well as inhibition of the mitophagy 
BNIP3/NIX receptor pathway. Thus, our study provides novel insights into the molecular 
mechanisms for RNA m6A modification underlying the gene regulatory network responsible 
for mitochondrial dynamic balance, and also lays new experimental groundwork for 
treatment of Cr (VI)-induced damage to male fertility.
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INTRODUCTION

Chromium (Cr) is a natural metal element and most frequently 
detected in soil, ground water, air, rocks, and living organisms. 
Chromium and chromium-containing compounds are 
prevalent, mainly due to their extensive industrial applications, 
such as electroplating, leather tanning, stainless steel 
production, water cooling, printing inks, textile dyeing, 
pigment manufacturing of wood, drilling muds, fireworks, 
wood preservation, and anti-corrosion and conversion coatings 
(Ukhurebor et  al., 2021). Trivalent chromium [Cr (III)] and 
hexavalent chromium [Cr (VI)] are the two stable valence 
states typically found in workplace and environment (Kotas 
and Stasicka, 2000; Costa, 2003). In natural systems, Cr 
(III) is generally considered as low toxicity and mobility 
in humans and animals (Chen et  al., 2019). By contrast, 
Cr (VI) is a strong oxidizing agent and one of the most 
toxic environmental potential carcinogens. Cr (VI) is toxic 
to both plants and animals, perpetually detrimental to 
environmental organisms due to its intricate and enduring 
detoxification process in vivo (Zhitkovich, 2011). The well-
known cellular toxicity of Cr (VI) can be  attributed to 
reactive oxygen species (ROS) generation that triggers oxidative 
stress, DNA damage, genomic instability (Zhitkovich, 2005), 
or epigenetic modulation (DesMarais and Costa, 2019). While 
the potential toxicity of Cr (VI) has appealed to the public, 
its deleterious effects on male fertility remain to be explored. 
For instance, the detrimental influences of Cr (VI) on 
spermatogonial stem cells (SSCs) warrant systematic 
investigation. Since SSCs are the cornerstone of 
spermatogenesis and able to differentiate into sperm thereby 
transmitting paternal genetic information to the next 
generation (Kubota and Brinster, 2018; Sharma et  al., 2019), 
studies in this respect would be  of great value to male 
fertility and reproductive health.

Epigenetic events, including DNA methylation and histone 
modifications, regulate SSC homeostasis (Makela and Hobbs, 
2019). Our previous study showed that high dosages of Cr 
(VI) induced a global increase of H3K9me3 and activated 
apoptotic signaling pathways in mouse SSCs (Lv et  al., 2018). 
Whether this phenotype also involves changes in other 
epigenetic markers, e.g., N6-methyladenosine (m6A) 
modification of RNA methylation, remains elusive. RNA m6A 
modification is the most abundant and widely distributed 
RNA modification in eukaryotes, accounting for more than 
90% in all RNA modifications (Meyer et  al., 2012). It is 
involved in RNA splicing, translation, stabilization, and 
degradation, thus playing regulatory roles in many biological 
processes, including SSC maintenance and spermatogenesis 
(Hsu et  al., 2017; Lin et  al., 2017; Xu et  al., 2017). Previous 
studies have shown that activation of stress-response pathways 
causes global reshaping of the cellular mRNA methylome. 
More precisely, in the heat shock state, m6A residues within 
the 5' UTR promote cap-independent translation of heat shock 
factor (HSF) mRNAs, activating the cell heat shock response 
pathway (Meyer et al., 2015). Additionally, under UV irradiation, 
RNA m6A modification could recruit DNA repair enzyme 

pol κ to DNA damage sites to facilitate DNA repair and cell 
survival (Xiang et  al., 2017). These studies suggest that RNA 
m6A modification is involved in regulation of gene expression 
and in protection of cells under stress conditions. It has also 
been reported that m6A is essential for the well-being of 
male reproductive system. For instance, the increased m6A 
modification of RNA methylation is related to the inhibition 
of demethylase FTO thereby contributing to MEHP-induced 
Leydig cell injury (Zhao et  al., 2021). However, it remains 
unknown whether RNA m6A modification is involved in Cr 
(VI)-induced toxicity in SSCs.

Melatonin is an endogenous indoleamine hormone. As 
the strongest endogenous free radical scavenger of ROS and 
inducer of antioxidant systems in vivo (Bonnefont-Rousselot 
et  al., 2011), melatonin is involved in various physiological 
processes, such as apoptosis and autophagy in cancer cells, 
neurodegeneration and progressions of liver diseases as well 
as other pathologies (Fernandez et  al., 2015). Recent studies 
by peers and us have shown that melatonin could protect 
testes against heat-induced damage (Zhang et  al., 2020a) 
and spermatogonia against the stress of chemotherapy and 
oxidation via elimination of ROS (Zhang et  al., 2019), and 
that melatonin also has protective roles against Cr (VI)-induced 
apoptosis and the global levels of H3K9me3 and H3K27me3 in 
mouse SSCs (Lv et al., 2018). Nevertheless, whether melatonin 
has effects on Cr (VI)-induced RNA m6A modification in 
SSCs and, if any, the underlying mechanisms remain to 
be  probed.

In this study, we  first demonstrated that Cr (VI) impaired 
male reproductive system in mouse testes, along with a decrease 
in cell viability but an increase in ROS generation in SSCs/
progenitors. Then, we  identified that RNA m6A modification 
was involved in Cr (VI)-induced mitochondrial dynamic disorders 
and mitophagy. Inspiringly, melatonin alleviated Cr (VI)-induced 
damage to male reproductive system and autophagy in mouse 
testes. Melatonin also attenuated Cr (VI)-induced cell viability 
loss and ROS generation, as well as mitochondrial dynamic 
disorders and mitophagy in SSCs/progenitors. The protective 
roles of melatonin against Cr (VI)-induced mitophagy were 
exerted by restoration of METTL3-mediated RNA m6A 
modification and activation of mitochondrial fusion proteins 
MFN2 and OPA1, as well as inhibition of the mitophagy 
BNIP3/NIX receptor pathway. Thus, our study provides novel 
insights into the molecular mechanisms for RNA m6A 
modification underlying the gene regulatory network responsible 
for mitochondrial dynamic balance, and also lays new 
experimental groundwork for treatment of Cr (VI)-induced 
damage to male fertility.

MATERIALS AND METHODS

Chemicals and Antibodies
Na2CrO4 (98% of purity; 307,831) and melatonin (98% of 
purity; M5250) were purchased from Sigma-Aldrich (St. Louis, 
MO, United States). The detailed antibody information is shown 
in Table  1.
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Cells and Treatment
Immortalized mouse SSCs/progenitors (the C18-4 cell line) 
were established from type A spermatogonia in testes from 
6-day-old mice (Hofmann et al., 2005). The cells were cultured 
with the medium comprising DMEM (high glucose, Hyclone), 
10% FBS (BI) and 1% penicillin-streptomycin (Invitrogen, 
15140122). Cells were maintained at 37°C in an atmosphere 
of 5% CO2 in air. Cells were pretreated with vehicle or 50  μM 
melatonin for 2  h, followed by treatment with 10  μM Cr (VI) 
for 1 or 4  h, unless otherwise stated.

Animals and Treatment
C57BL/6J mice were purchased from the laboratory animal 
center of the Fourth Military Medical University, Xi’an, China. 
Adult male mice aged 8–10 weeks, with the body weight (b.w.) 
22–25  g, were fed with the basal diet and kept at 20   ±   2°C 
and 50  ±  5% humidity under a 12-h light-dark cycle. Forty 
mice were divided into four groups at random, with 10 mice 
in each group: the control group (intraperitoneal injection with 
an equal volume of physiological saline daily), the Cr (VI) 
group [intraperitoneal injection with 16.2  mg/kg b.w./day Cr 
(VI)], the melatonin + Cr (VI) group [intraperitoneal injection 
with 25 mg/kg b.w./day melatonin at 4 h before intraperitoneal 
injection with 16.2 mg/kg b.w./day Cr (VI)] and the melatonin 
group (intraperitoneal injection with 25  mg/kg b.w./day 
melatonin). Melatonin and Cr (VI) treatment lasted for 14 
consecutive days, followed by 14 days of recovery before sacrifice. 
All animal procedures were in accordance with and approved 
by the Institutional Animal Care and Use Committee of 
Northwest A&F University (DK-314020038).

Hematoxylin and Eosin Staining
Hematoxylin and eosin (H&E) staining was performed as previously 
reported (Zheng et  al., 2019). Briefly, after deparaffinization and 
rehydration, testis sections were stained with hematoxylin and 
eosin, and then sealed with neutral gum and examined under a 
light microscope. To quantify the ratios of only 1–3 layers of 
germ cell, empty and abnormal tubules, 300 seminiferous tubules 
from five mice were analyzed in each group.

Immunohistochemistry
Mouse testes were collected, fixed in diluted Bouin’s solution 
and embedded in paraffin. Testis sections were sliced at a 
thickness of 6  μm. After deparaffinization and rehydration, 
testis sections were permeabilized with 0.5% Triton X-100 
(Solarbio) for 10 min and subjected to heat-induced antigen 
retrieval in 10  mM sodium citrate buffer (pH  =  6.0), followed 
by blocking with 10% donkey serum for 2 h at room temperature. 
Testis sections were then incubated with primary antibodies 
(Table  1) at 4°C overnight. Next day, testis sections were 
washed with PBS and incubated with the corresponding secondary 
antibody anti-rabbit-Alexa Fluor 488 (1:300; 711-545-152, Jackson 
Immunoresearch) or anti-rabbit-Alexa Fluor 594 (1:300; 711-585-
152, Jackson Immunoresearch) for 1  h at 37°C. After washing, 
testis sections were stained with DAPI (1:1,000; BioWorld) 
and examined under a fluorescence microscope (Nikon Eclipse 
80i, Tokyo, Japan).

Assays of Sperm Number, Progressive 
Motility, and Morphological Abnormality
Sperm progressive motility was determined by computer-assisted 
sperm analysis (CASA; HVIEW, China), as previously reported 
(Li et al., 2020a). In brief, the sample (0.5 ml) was pre-incubated 
at 37°C for 5  min, and the sperm progressive motility was 
defined as the percentage of spermatozoa with straight line 
velocity (VSL) > 25 μm/s and straightness of path (STR) ≥ 75%. 
The standard parameter was set at 30 frames/s. A minimum 
of 300 spermatozoa were observed from at least five randomly 
selected fields with 20  μm CELL-VU® DRM-600 sperm count 
slides (Millennium Sciences, United  States) and a microscopic 
stage warmer (KITAZATO, Japan). Later, the sample was fixed 
with ethanol, and the sperm number was evaluated using CASA 
and 20  μm CELL-VU® DRM-600 sperm count slides. Then, 
the mouse semen sample was fixed in 4% paraformaldehyde 
for 24  h and subsequently spread on slides. H&E staining was 
conducted for sperm morphology examination. Over 1,000 
spermatozoa were examined for morphological abnormality 
under a light microscope, and assessment of sperm morphological 
abnormality was referred to a previous report (Gotoh et al., 2012).

TABLE 1  |  The detailed antibody information.

Antibody Species source Supplier Identifier Dilution

WB IHC

LIN28 Rabbit Abcam ab46020 1:200
CDH1 Rabbit Proteintech 20874-1-AP 1:200
m6A Rabbit Synaptic systems 202003 1:1,000
Beclin1 Rabbit Cell signaling technology 3738s 1:1,000
p-Beclin1 Rabbit Cell signaling technology 13825s 1:1,000
LC3B Rabbit Sigma-Aldrich L-7543 1:1,000
β-actin Mouse CWBIO CW0096 1:2,000
Tom20 Rabbit Proteintech 11802-1-AP 1:1,000
MT1 Mouse Abnova H00004543-A01 1:1,000
NOX4 Rabbit NOVUS NB110-58849 1:1,000
METTL3 Rabbit Cell signaling technology 15073-1-AP 1:1,000

WB, western blot; IHC, immunohistochemistry.
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Depletion of Mettl3 by Lentivirus-Mediated 
shRNA Targeting
To stably deplete Mettl3 in mouse SSCs/progenitors, lentiviruses 
harboring shRNA targeting mouse Mettl3 were packaged, 
produced, and delivered to cells, following a previous article 
(Zheng et  al., 2020). In brief, lentiviruses were produced by 
co-transfecting the cloned shRNA expressing vectors (backbone: 
pGreenPuro; System Biosciences) and the 2nd generation 
packaging vectors psPAX2 and pMD2.G into HEK293T cells, 
and were concentrated using ultracentrifugation. Mouse SSCs/
progenitors exposed to 10  μg/ml polybrene (Sigma-Aldrich) 
and the concentrated virus supernatant at a multiplicity of 
infection (MOI) of 20 were centrifuged at 3,000  g for 1  h at 
32°C, followed by 16  h of incubation at 37°C. About 5  days 
after lentiviral transduction, cells were harvested for validation 
or downstream experiments. For construction of the shRNA 
expressing vectors, a sequence specific to the mouse Mettl3 
cDNA (5'-GCTACCGTATGGGACATTA-3') or a scramble 
sequence (5'-GACACCTACGCAAAACCCT-3') was used.

CCK-8 Assay
Cell viability was determined using a Cell Counting Kit-8 
(CCK-8) assay kit (Beyotime, Beijing, China). Mouse SSCs/
progenitors were prepared and dispersed in 96-well cell culture 
plates at a density of 1.0  ×  104 cells/well. After overnight 
incubation, cells were either exposed to Cr (VI) at the dose 
of 0, 2.5, 5, 10, 25, or 50  μM for 12  h, or to 10  μM Cr (VI) 
for 0, 1, 4, 8, 12, 16, 20, or 24  h, unless otherwise stated. 
Then, about 10  μl of the CCK-8 solution diluted in DMEM 
was added to each well and incubated for 1.5  h at 37°C. The 
optical density of each well was measured at 490  nm with a 
microplate reader. Three independent experiments were 
performed, and in each independent experiment, at least three 
parallel measurements were performed.

MTT Assay
Mouse SSCs/progenitors were prepared and dispersed in 96-well 
cell culture plates at a density of 1.0  ×  104 cells/well. After 
overnight incubation, cells were treated with Cr (VI) at the 
dose of 0, 2.5, 5, 10, 25 or 50  μM for 24  h. Then, the cells 
were washed with PBS, and the fresh medium containing 
MTT [3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazolium 
romide] was added to each well, followed by 4 h of incubation. 
Later, the medium containing MTT was removed, and dimethyl 
sulfoxide (100  μl) was added to each well. The plate was then 
gently shaken for 10 min to dissolve formazan crystals. Finally, 
the absorbance at 490  nm in each well was recorded with a 
microplate reader. Three independent experiments were 
performed, and in each independent experiment, at least three 
parallel measurements were performed.

EdU Assay
Mouse SSCs were prepared and dispersed in 96-well cell culture 
plates at a density of 1.0  ×  104 cells/well. After overnight 
incubation, cells were exposed to Cr (VI) at the dose of 0, 

2.5, 5, 10, 25, or 50  μM for 24  h. Then, the cells were washed 
with PBS, and subjected to an EdU assay, as previously reported 
(Zheng et  al., 2017). Three independent experiments 
were performed.

MDC Incorporation Assay
A fluorescent compound, namely monodansylcadaverine (MDC; 
Solarbio), has been proposed as a tracer for autophagic vacuoles. 
Thus, autophagic vacuoles can be  detected by MDC staining. 
After the melatonin and/or Cr (VI) treatment, cells were 
incubated with 50  μM MDC in a serum-free medium for 
30  min at 37°C. Then the cells were washed with PBS for 
three times and fluorescence micrographs were captured using 
an inverted fluorescence microscope (Olympus IX71, 
Tokyo, Japan).

m6A Dot-Blot Assay
Total RNAs were extracted from cells with Trizol reagent 
(Takara) and mRNAs were purified using PolyATtract® mRNA 
Isolation Systems (Promega, Z5310) following the manufacturer’s 
instructions. Briefly, mRNA samples were loaded onto a Hybond-
N+ membrane (GE HealthCare, RPN303B) and crosslinked to 
the membrane with UV radiation. Then, the membrane was 
blocked with 5% non-fat milk (Bio-Rad) for 2  h, followed by 
incubation with a rabbit anti-m6A polyclone antibody (Synaptic 
Systems, 202003) at 4°C overnight. Next day, the membrane 
was incubated with an HRP-conjugated goat anti-rabbit IgG 
(CWbio, CW0156) antibody for 2  h at room temperature. The 
immunocomplex was visualized and captured by a Bio-Rad 
Chemidoc XRS with a Western Bright ECL Kit (Bio-Rad, 
Berkeley, CA, United States). Finally, the membrane was stained 
with 0.02% methylene blue to eliminate the difference in 
mRNA amount.

Mito and Lyso Tracker Staining
Cells were pretreated with vehicle or 50  μM melatonin for 
2  h, followed by treatment with 10  μM Cr (VI) for 1 or 4  h. 
Then, the cells were refreshed and incubated with 200  nM 
Mito-Tracker Green (Beyotime, Beijing, China) and 75  nM 
Lyso-Tracker Red (Beyotime, Beijing, China) for 45  min. 
Subsequently, the cells were washed twice and visualized under 
an inverted microscope (Olympus IX71, Tokyo, Japan). To 
quantify the ratio of cells double positive for both Mito and 
Lyso staining, 100 cells were analyzed in each group and three 
independent experiments were performed.

Mitochondrial Membrane Potential Assay
Mitochondrial membrane potential (MMP) was determined 
by using the lipophilic cationic dye JC-1 (Beyotime, Beijing, 
China). Cells were seeded into 96-well plates with a density 
of 1  ×  104 cells/well. After overnight plating, cells were 
pretreated with vehicle or 50  μM melatonin for 2  h, followed 
by treatment with 10 μM Cr (VI) for 1 or 4 h. After washing, 
the cells were incubated with JC-1 for 20  min at 37°C. Then 
a microplate reader was employed to detect the fluorescence 
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intensity. The ratio of red/green fluorescence density indicated 
mitochondrial polarization.

Analysis of the ROS Level
The intracellular ROS accumulation was detected by the ROS 
Assay Kit (Beyotime, Beijing, China). Cells were seeded to 
6-well plates and treated with Cr (VI). Then the cells were 
incubated with 10 μM DCFH-DA for 20 min at 37°C, dissociated 
by trypsin, and collected after centrifugation. The same number 
of cells were seeded into 96-well plates, and detected by a 
microplate reader.

m6A-IP-qPCR Analysis
Quantitative real-time PCR (qPCR) analyses were performed 
to detect the relative abundance of the selected mRNA in the 
m6A antibody IP sample and in the input sample. Briefly, total 
RNAs were extracted from cells using the RNAiso plus reagent 
(Takara, Dalian, China). mRNAs were purified from total RNAs 
using the PolyATtract mRNA Isolation Systems (Promega, 
Z5310) and then fragmented using RNA Fragmentation reagent 
(Invitrogen, AM8740) for 1  min at 94°C. Protein A beads 
were washed and diluted into 500 μl IP buffer (150 mM NaCl, 
0.1% NP-40, 10  mM Tris, pH  =  7.4, 100  U RNase inhibitor) 
and incubated with a m6A antibody (Synaptic Systems, 202003) 
for 1  h at 4°C. About 10% of the fragmented RNAs were left 
aside as input RNAs, whereas the remaining RNAs were added 
to the mixture and incubated for 4  h at 4°C with rotation. 
The mRNAs harboring m6A were eluted using 100  μl elution 
buffer (IP buffer, 6.7 mM m6A) for 1 h at 4°C and precipitated 
with 5 mg glycogen (Life Technologies, AM9510) and one-tenth 
volume of 3  M sodium acetate (Solarbio) in 2.5 volumes of 
100% ethanol at −80°C overnight. The same numbers of the 
concentrated IP RNAs or input RNAs from each sample were 
used for cDNA synthesis. The m6A enrichment was finally 
determined by qPCR analysis.

qPCR Analysis
Total RNAs were extracted from cells with Trizol reagent 
(Takara, Dalian, China), according to the manufacturer’s 
protocol. For each sample, 1  μg total RNAs were subjected 
to reverse transcription into cDNAs using the PrimeScript™ 
RT reagent Kit with gDNA Eraser (Takara, Dalian, China). 
qPCR analyses were conducted with an IQ5 (Bio-Rad, Berkeley, 
CA, United  States). Reactions were run in triplicates, and 
three independent experiments were performed. The geometric 
mean of the housekeeping gene β-actin was used as an 
internal reference and the data were analyzed using the 
2-△△Ct method. Primer sequences for qPCR analyses were 
shown in Table  2.

Western Blot Analysis
Cells were lysed in RIPA buffer (Solarbio, Beijing, China) for 
30  min on ice, and then centrifuged at 12,000  g for 10  min 
at 4°C. The concentrations of proteins were measured with a 
BCA kit (Takara, Dalian, China). About 30  μg total proteins 
from each sample were separated by polyacrylamide gel 
electrophoresis in the presence of sodium dodecyl sulfate (SDS-
PAGE) and transferred onto the poly-vinylidene fluoride (PVDF) 
membrane at 10 V using the Bio-Rad semidry transfer system. 
The blot-transferred membranes were blocked with 5% fat-free 
dry milk dissolved in Tris-buffered saline containing 0.1% 
tween-20 (TBST) for 2  h and then incubated with primary 
antibodies (Table  1) on the shaker at 4°C overnight. Blots 
were washed with TBST, followed by incubation with a 
horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-
mouse IgG antibody (Millipore). Protein bands were visualized 
under a Bio-Rad Chemidoc XRS with a Western Bright ECL 
Kit (Bio-Rad, Berkeley, CA, United  States) and digital images 
were captured. Finally, the gray scale analysis was performed 
by comparing the signals of target proteins with those of the 
housekeeper β-actin.

TABLE 2  |  Primer sequences for qPCR analyses.

Gene Forward primer (5'→3') Reverse primer (5'→3') Product size, bp

Mfn1

Mfn2

Opa1

Drp1

Bnip3

AGAGCCCATCTTTCAGGTCC

AGCAGATTACGGAGGAAGTGGA

GCTTCAAGGTCGTCTCAAGGATA

CAGTGTCCCAAAGGCAGTAATG

TTCAGCAATGGCAATGGGA

TTAGTTTCCAGCCCACTGTTTTC

GAGCAGCGGTCAGACAGGTT

TCGTTCTTGGTTTCGTTGTGA

CGCTGCTTCTTTTCTTCGTTG

TTGTGGTGTCTGGGAGCGA

197

190

129

151

153
Nix GCAATGAGAATGGAAATGGGA TTCTTGTGGTGAAGGGCTGTC 164
Mettl3

Wtap

Fto

GAGGTTCGTTCCACCAGTCATAA

AGTTATGGCACGGGATGAGTTA

CTGAGGATGAAAGTGAGGACGAG

TAGGTTTAGAGATGATGCCGTCC

TCCTGCTGTTGCTGCTTTAGTT

TGGAACTAAACCGAGGCTGTG

217

147

204
Ythdf2

β-actin

Mfn2-IP

Opa1-IP

Bnip3-IP

Nix-IP

CCTCTTGGAGCAGAGACCAAA

TCTTTTCCAGCCTTCCTTCTTG

ATGTGTCTGTGTCTGCTCCTCA

AGGTCATCAGTCTGAGCCAGGT

CTGCCCCTGCTACCTCTCG

CTTCCTCGTCTTCCATCCACA

TTATTCGGCCTTGCCTGTGG

GTTGGCATAGAGGTCTTTACGGA

TGTGCTCAGGCTGGAGAAAGTA

CTGTGGTGTTAAATGTTCCCGA

AGGTTCTCCTCCCCGCTCT

CATGATCTGCCCATCTTCTTGT

123

109

149

147

100

134

111

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Lv et al.	 RNA m6A Modification in Mitophagy

Frontiers in Cell and Developmental Biology | www.frontiersin.org	 6	 June 2021 | Volume 9 | Article 684398

Statistics
Experimental data were analyzed with the Graph Pad Prism 
6 software and presented as the mean  ±  SEM. A Student’s 
t-test (two-sided) or one-way ANOVA followed by a Duncan’s 
multiple range test (SPSS 19.0; Chicago, IL, United  States) 
was performed to determine the significant value. A value 
of p  <  0.05 was considered statistically significant. *p  <  0.05; 
**p  <  0.01.

RESULTS

Cr (VI) Damaged Male Reproductive 
System and SSCs/Progenitors in Mouse 
Testes
To systematically investigate the toxic effects of Cr (VI) on 
male reproductive system, we randomly divided 20 male C57/
BL6 mice into two groups: control and Cr (VI), with 10 
mice in each group. Mice in the Cr (VI) treatment group 
were intraperitoneally injected with Cr (VI) (16.2 mg/kg b.w./
day) for 14 consecutive days. The dosage was based on previous 
reports (Kart et  al., 2016; Ogbomida et  al., 2018) and our 
preliminary experiment (data not shown). All mice in both 
groups were sacrificed on the 14th day after the last 
administration, and the testes were removed for examination. 
H&E staining results showed that seminiferous tubules were 
clearly diminished after Cr (VI) administration. Cr (VI) 
administration also triggered nuclear pyknosis and exfoliation 
of spermatogenic cells, as well as the emergence of different 
sizes of vacuoles and even cavities in some seminiferous 
tubules. Quantification analyses revealed markedly higher 
ratios of only 1–3 layers of germ cell, empty and abnormal 
tubules in the Cr (VI) treatment group (Figures  1A–D). In 
addition, despite no significant difference in body weight 
(Figure 1E), Cr (VI) treatment clearly decreased the testicular 
index (the ratio of testis weight to body weight, Figure  1F), 
the sperm number (Figure  1G), and progressive motility 
(Figure  1H), along with an increase of abnormal epididymal 
spermatozoa (Figure  1I).

Next, we  performed immunofluorescence staining on 
testis sections with SSC/progenitor markers LIN28 (Zheng 
et  al., 2009; Figure  1J) and CDH1 (Tokuda et  al., 2007; 
Figure  1K). After quantification, we  identified that the 
numbers of LIN28+ and CDH1+ cells per seminiferous 
tubule were significantly reduced after Cr (VI) treatment 
(Figures 1L,M), suggesting that Cr (VI) also induces damage 
to SSCs/progenitors.

Cr (VI) Impaired Cell Viability and Induced 
ROS Generation in SSCs/Progenitors
Previous articles described that the cell survival rate was 
significantly decreased when exposed to 12.5  μM or higher 
concentrations of Cr (VI) (Hu et  al., 2016, 2018). To 
investigate the influence of Cr (VI) on SSC viability, 
we  employed an immortalized mouse SSC/progenitor line, 
i.e., C-184 (Hofmann et al., 2005). These cells were exposed 

to different dosages of Cr (VI), and then subjected to a 
CCK-8 assay. As shown in Figure  2A, treatment of Cr 
(VI) for 12  h decreased the percentages of viable cells in 
a concentration-dependent manner, with an approximately 
50% of decrease in the 10  μM Cr (VI) treatment group. 
MTT (Figure 2B) and EdU assays (Figures 2C,D) generated 
similar results. We  also detected ROS generation under 
different Cr (VI) dosages. Consistently, the ROS level was 
significantly increased after 1 h of 10 μM Cr (VI) treatment 
(Figure  2E). We  further incubated the cells with 10  μM 
Cr (VI) for different time. As expected, the cell viability 
was decreased in a time-dependent manner (Figure  2F). 
Thus, we  applied 10  μM Cr (VI) treatment in subsequent 
in vitro experiments, unless otherwise stated. The overall 
data demonstrate that Cr (VI) impairs cell viability and 
induces ROS generation in SSCs/progenitors.

Cr (VI) Induced Mitochondrial Dynamic 
Imbalance and Mitophagy in SSCs/
Progenitors
Monodansylcadaverine, a fluorescent pigment, is typically used 
to detect the occurrence of autophagy (Weiss-Sadan et  al., 
2019; de Campos et al., 2020). We identified that the fluorescence 
intensity of MDC was clearly increased after 10  μM Cr (VI) 
treatment (Figures  3A,B), suggestive of Cr (VI)-induced 
autophagy in SSCs/progenitors. We  then investigated whether 
autophagy-associated genes were also activated by Cr (VI). To 
this end, we  incubated mouse SSCs/progenitors with 10  μM 
Cr (VI) for different time. As shown in Figures 3C,D, p-Beclin1 
and LC3-II, two autophagy markers, were upregulated by Cr 
(VI) in a time-dependent manner.

In addition to ROS generation (Figure  2E), we  found that 
treatment with 10  μM Cr (VI) for 4  h also decreased 
mitochondrial membrane potential (Figure  3E). Excessive 
ROS production and decreased MMP could indicate 
malfunctioned mitochondria. Hence, we  performed Mito 
Tracker staining, and found that Cr (VI) caused mitochondrial 
aggregation and displaying the short rod morphology 
(Figure  3F). We  assumed that Cr (VI) might disturb the 
balance between mitochondrial fusion and fission. To this 
end, we performed a qPCR analysis for mitochondrial fusion- 
(Mfn1, Mfn2, and Opa1) and fission-related genes (Drp1; 
Varuzhanyan and Chan, 2020). The qPCR result showed 
significant downregulation of Mfn1, Mfn2, and Opa1 but 
upregulation of Drp1 at the mRNA level (Figure 3G). Besides, 
the mitochondrial marker Tom20, a protein that localizes on 
the mitochondrial outer membrane (OMM) and responsible 
for the first step of mitochondrial protein transportation (Di 
Maio et  al., 2016), was substantially downregulated after 4  h 
of 10 μM Cr (VI) treatment, as demonstrated by the Western 
blot (WB) analysis (Figures  3H,I).

To investigate whether Cr (VI) induces mitophagy to 
clear damaged mitochondria in SSCs, we  conducted a qPCR 
analysis for mitophagy activation genes Bnip3 and Nix 
(Lampert et  al., 2019). As shown in Figures  3J,K, Bnip3 
and Nix were significantly upregulated after 4  h of 10  μM 
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Cr (VI) treatment. We further detected the ratio of autophagic 
lysosome (AL)-engulfed mitochondria, with Mito and Lyso 
Tracker staining to label mitochondria and lysosomes, 
respectively. As shown in Figures  3L,M, 4  h of 10  μM  

Cr (VI) treatment considerably increased the ratio of cells 
double positive for both Mito and Lyso staining, suggesting 
the elevated number of cells with impaired mitochondria 
that are engulfed by ALs.

A

F

J

L

M

K

G H I

B C D E

FIGURE 1  |  Chromium (Cr) (VI) damaged male reproductive system and spermatogonial stem cells (SSCs)/progenitors in mouse testes. (A) Hematoxylin and 
eosin (H&E) staining of testis sections from control and Cr (VI)-treated mice. Bar = 200 μm. (B–D) The ratios of only 1–3 layers of germ cell (B), empty (C), and 
abnormal (D) seminiferous tubules in control and Cr (VI)-treated mouse testes. (E) The average body weight in control and Cr (VI)-treated mice. (F) The average 
testicular index (testis weight/body weight) in control and Cr (VI)-treated mice. (G) The average sperm number (106/ml) in control and Cr (VI)-treated mice. 
(H) The ratio of spermatozoa with progressive motility in control and Cr (VI)-treated mice. (I) Left: the ratio of abnormal spermatozoa in control and Cr (VI)-treated 
mice; Right: images of spermatozoa from the control and Cr (VI)-treated mice. Bar = 50 μm. (J,K) Immunofluorescence staining for LIN28 (J) and CDH1 (K) in 
testis sections from control and Cr (VI)-treated mice. Bar = 100 μm. (L,M) The numbers of LIN28+ (L) and CDH1+ cells (M) per seminiferous tubule in control and 
Cr (VI)-treated mouse testes. Data are presented as the mean ± SEM from five mice, and 300 seminiferous tubules from five mice were analyzed in each group.  
**p < 0.01.
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Cr (VI) Downregulated the RNA m6A 
Modification Levels in Mitochondrial 
Dynamic Balance and Mitophagy Genes in 
SSCs/Progenitors
Next, we  investigated whether Cr (VI) affects the m6A 
modification in SSCs. To this end, we  treated mouse SSCs/
progenitors with 10 μM Cr (VI), followed by RNA extraction 
and m6A dot-blot to detect the m6A level. As shown in 
Figure  4A, the RNA m6A modification level showed a 
clear decrease after 1  h of Cr (VI) treatment, and then 
remained stable. To investigate whether RNA m6A 
modification is involved in Cr (VI)-induced mitochondrial 
dynamic imbalance and mitophagy in SSCs, we additionally 
performed a m6A-IP-qPCR assay for mitochondrial fusion 
and mitophagy genes. The result uncovered that 4  h of 
10  μM Cr (VI) treatment reduced the m6A modification 
levels in mitochondrial fusion genes Mfn2 and Opa1 
(Figure  4B), as well as in mitophagy genes Bnip3 and Nix 
(Figure  4C), suggesting potential roles of RNA m6A 
modification in Cr (VI)-induced mitochondrial abnormality 
in SSCs/progenitors.

Melatonin Alleviated Cr (VI)-Induced 
Damage to Male Reproductive System and 
Autophagy in Mouse Testes
Melatonin is a strong endogenous free radical scavenger 
of ROS and inducer of antioxidant systems in vivo 
(Bonnefont-Rousselot et  al., 2011). To explore whether 

melatonin has protective roles against Cr (VI)-induced 
testicular damage, we  randomly divided 40 male C57/BL6 
mice into four groups: control, Cr (VI), melatonin + Cr 
(VI), melatonin, with 10 mice in each group. In the 
melatonin  +  Cr (VI) group, the mice were 
pre-intraperitoneally injected with melatonin (25  mg/kg 
b.w./day), followed by intraperitoneal injection with Cr (VI; 
16.2  mg/kg b.w./day). Melatonin and Cr (VI) treatment 
lasted for 14 consecutive days. The mice were sacrificed 
on the 14th day after the last treatment, and the testes 
were removed for examination. H&E staining results showed 
that melatonin treatment effectively attenuated Cr 
(VI)-induced damage to testes, characterized by alleviated 
vacuolization of seminiferous tubules, reduced ratios of 
only 1–3 layers of germ cell, empty and abnormal tubules 
(Figures 5A–D). In addition, despite no significant difference 
in body weight (Figure 5E), melatonin pretreatment restored 
the testicular index (Figure 5F), sperm number (Figure 5G), 
and progressive motility (Figure 5H), along with diminished 
abnormal epididymal spermatozoa (Figure  5I).

The subsequent immunofluorescence staining analysis 
uncovered that melatonin treatment also attenuated Cr 
(VI)-induced decrease of LIN28+ cells per seminiferous tubule 
(Figures 5J,K), suggesting the preservation of SSCs/progenitors 
by melatonin. Besides, the autophagy marker LC3-II was less 
induced with melatonin treatment (Figure  5L). The overall 
data therefore suggest that melatonin could alleviate Cr 
(VI)-induced damage to male reproductive system and autophagy 
in mouse testes.

A

D E F

B C

FIGURE 2  |  Chromium (VI) impaired cell viability and induced reactive oxygen species (ROS) generation in SSCs/progenitors. (A,B) A Cell Counting Kit-8 (CCK-8; A) 
and MTT assay (B) for the viability of SSCs/progenitors treated with different concentrations of Cr (VI) for 12 h. (C) Representative images of cells in different 
treatment groups that incorporate EdU. Bar = 20 μm. (D) Quantification of cells in different treatment groups that incorporate EdU. At least 300 cells were analyzed 
in each group. (E) DCFH-DA detection of the intracellular ROS accumulation in SSCs/progenitors treated with different concentrations of Cr (VI) for 1 h. (F) A CCK-8 
assay for the viability of SSCs/progenitors treated with 10 μM Cr (VI) for different time. Data are presented as the mean ± SEM of three independent experiments. 
*p < 0.05; **p < 0.01.
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Melatonin Attenuated Cr (VI)-Induced Cell 
Viability Loss and ROS Generation in 
SSCs/Progenitors
Then, we  explored the protective roles of melatonin against 
Cr (VI)-induced oxidative damage in SSCs. Mouse SSCs/
progenitors were pretreated with 50  μM melatonin for 2  h, 

followed by treatment with 10  μM Cr (VI) for 1 or 4  h. By 
WB analysis, we  found that while 1  h of Cr (VI) treatment 
downregulated melatonin receptor 1 (MT1), pre-treatment with 
melatonin could alleviate this (Figures  6A,B). In addition, 
NADPH oxidase 4 (NOX4), a protein that is expressed in 
mitochondria and mediates ROS production (Kuroda et al., 2010), 

A
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FIGURE 3  |  Chromium (VI) induced mitochondrial dynamic imbalance and mitophagy in SSCs/progenitors. (A) Monodansylcadaverine (MDC) staining for 
autophagic vacuoles. Bar = 2 μm. (B) The relative fluorescence intensity of MDC in SSCs/progenitors treated with 10 μM Cr (VI) for different time. (C) Western blot 
analysis of the expression levels of autophagy markers Beclin1, p-Beclin1, and LC3 in SSCs/progenitors treated with 10 μM Cr (VI) for different time. β-actin is used 
as a loading control. (D) The relative band intensities of Beclin1, p-Beclin1, and LC3-II in different cell treatment groups. (E) Mitochondrial membrane potential 
(MMP) in SSCs/progenitors treated with vehicle or 10 μM Cr (VI) for 4 h, as detected by the lipophilic cationic dye JC-1. (F) Mito Tracker staining for mitochondria in 
SSCs/progenitors treated with vehicle or 10 μM Cr (VI) for 4 h. Bar = 2 μm. (G) qPCR analysis of Mfn1, Mfn2, Opa1, and Drp1 in SSCs/progenitors treated with 
vehicle or 10 μM Cr (VI) for 4 h. (H) Western blot analysis of Tom20 in SSCs/progenitors treated with 10 μM Cr (VI) for different time. β-actin is used as a loading 
control. (I) The relative band intensities of Tom20 in different cell treatment groups. (J,K) qPCR analysis of Bnip3 (J) and Nix (K) in SSCs/progenitors treated with 
vehicle or 10 μM Cr (VI) for 4 h. (L) Mito and Lyso Tracker co-staining analysis in SSCs/progenitors treated with vehicle or 10 μM Cr (VI) for 4 h. Bar = 2 μm. (M) The 
ratios of double staining cells to Mito Tracker staining cells in the control and 4 h of 10 μM Cr (VI) treatment group. Data are presented as the mean ± SEM of three 
independent experiments. *p < 0.05; **p < 0.01.
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was upregulated after 4 h of Cr (VI) treatment, but pretreatment 
with melatonin relieved its upregulation (Figures 6C,D). Similarly, 
cell viability loss and ROS generation, both of which were 
induced by 4  h of Cr (VI) treatment, could be  attenuated by 
pretreatment with melatonin (Figures  6E,F).

Melatonin Attenuated Cr (VI)-Induced 
Mitochondrial Dynamic Disorders and 
Mitophagy via RNA m6A Modification in 
SSCs/Progenitors
Next, we probed the influence of melatonin on Cr (VI)-induced 
mitochondrial abnormality in SSCs. Mouse SSCs/progenitors 
were still pretreated with 50  μM melatonin for 2  h, followed 
by treatment with 10  μM Cr (VI) for 4  h. The qPCR result 
showed that pretreatment with melatonin maintained the 
mRNA levels of mitochondrial fusion genes Mfn1, Mfn2, and 
Opa1, while counteracted Cr (VI)-induced upregulation of 
mitophagy genes Bnip3 and Nix (Figure  7A). MMP was also 
restored by melatonin pretreatment (Figure  7B). Moreover, 
pretreatment with melatonin attenuated Cr (VI)-induced 
increase of the MDC fluorescence intensity (Figures  7C,D) 
and upregulation of autophagy markers p-Beclin1 and LC3-II 
(Figures  7E,F), as revealed by MDC staining for autophagic 
vacuoles and Western blot analysis, respectively. In addition, 
melatonin pretreatment attenuated Cr (VI)-induced increase 
of cells double positive for both Mito and Lyso staining 
(Figures  7G,H), i.e., cells with impaired mitochondria that 
are engulfed by ALs. Melatonin pretreatment was also found 
to maintain the protein level of the mitochondrial marker 
Tom20 (Figures  7I,J).

Later, we  performed a m6A dot-blot analysis to investigate 
whether melatonin affects RNA m6A modification in SSCs. 
The m6A dot-blot result showed that melatonin pretreatment 
restored the RNA m6A level that was decreased after 1  h of 
Cr (VI) treatment (Figure  7K). We  further conducted a m6A-
IP-qPCR assay for mitochondrial fusion and mitophagy genes. 
Interestingly, it was identified that melatonin pretreatment 

reversed the Cr (VI)-induced decrease of m6A modification 
levels in mitochondrial fusion genes Mfn2 and Opa1, as well 
as in mitophagy genes Bnip3 and Nix (Figure  7L). Therefore, 
the overall data suggest that melatonin could attenuate Cr 
(VI)-induced mitochondrial dynamic disorders and mitophagy 
via RNA m6A modification in SSCs/progenitors.

Melatonin Attenuated Cr (VI)-Induced 
Decrease of the RNA m6A Modification 
Level via METTL3 in SSCs/Progenitors
We subsequently delved into the mechanisms underlying 
melatonin-restored RNA m6A modification levels that were 
reduced by Cr (VI). To this end, we  carried out a qPCR 
analysis for m6A-associated genes, i.e., Mettl3, Wtap, Fto, and 
Ythdf2, encoding methyltransferases METTL3, WTAP (the m6A 
writers), the demethylase FTO (the m6A eraser) and the m6A-
binding protein YTHDF2 (the m6A reader), respectively (Shi 
et  al., 2019). By qPCR analysis, we  found that Mettl3 was 
decreased at the mRNA level after 4  h of Cr (VI) treatment, 
but that pretreatment with melatonin attenuated the Cr 
(VI)-induced downregulation of Mettl3 (Figures  8A,B).

METTL3 is a major component of the m6A methyltransferase 
complex (Shi et  al., 2019). As Cr (VI) downregulated the global 
RNA m6A modification level and Mettl3, but both could 
be  maintained by melatonin pretreatment in SSCs/progenitors, 
we  then explored whether melatonin attenuates the Cr 
(VI)-decreased RNA m6A modification level via METTL3. To 
this end, we constructed a Mettl3-depleted mouse SSC/progenitor 
line by lentivirus-mediated shRNA targeting. qPCR and Western 
blot results demonstrated significant downregulation of METTL3 
(Figures  8C–E). Subsequently, the Mettl3-depleted and control 
cell lines were pretreated with 50  μM melatonin, followed by 
treatment with 10  μM Cr (VI) for 1 or 4  h. The qPCR analysis 
revealed that while the Cr (VI)-induced downregulation of Mettl3 
was attenuated by melatonin pretreatment in control cells, the 
Mettl3 expression level was neither significantly reduced by Cr 
(VI) treatment nor restored by melatonin pretreatment in 

A
B C

FIGURE 4  |  Chromium (VI) downregulated the RNA N6-methyladenosine (m6A) modification levels in mitochondrial dynamic balance and mitophagy genes in SSCs/
progenitors. (A) The m6A dot-blot assay showing the global RNA m6A modification levels in SSCs/progenitors treated with 10 μM Cr (VI) for different time. About 
1 μg means 1 μg mRNAs, and 500 ng means 500 ng extracted and purified mRNAs from SSCs/progenitors. Methylene blue is used as a loading control to 
eliminate the difference in mRNA amount. (B,C) The m6A-IP-qPCR analysis showing the relative m6A abundance in mitochondrial fusion genes Mfn2, Opa1 (B) and 
in mitophagy genes Bnip3, Nix (C) in SSCs/progenitors treated with vehicle or 10 μM Cr (VI) for 4 h. Data are presented as the mean ± SEM of three independent 
experiments. *p < 0.05; **p < 0.01.
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FIGURE 5  |  Melatonin alleviated Cr (VI)-induced damage to male reproductive system and autophagy in mouse testes. (A) H&E staining of testis sections from the 
control, Cr (VI), melatonin + Cr (VI), and melatonin-treated mice. Bar = 200 μm. (B–D) The ratios of only 1–3 layers of germ cell (B), empty (C), and abnormal 

(Continued)
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Mettl3-depleted cells (Figures  8F,G). The m6A dot-blot result 
demonstrated the overall reduced m6A modification level by Mettl3 
depletion and, notably, that while the Cr (VI)-induced decrease 
of the RNA m6A modification level was attenuated by melatonin 
pretreatment in control cells, this could not be  recapitulated in 
Mettl3-depleted cells (Figures 8H,I). Hence, the overall data suggest 
that melatonin could attenuate Cr (VI)-induced decrease of the 
RNA m6A modification level via METTL3  in SSCs/progenitors.

Melatonin Attenuated Cr (VI)-Induced 
Mitophagy by Restoration of  
METTL3-Mediated RNA m6A Modification 
in SSCs/Progenitors
Finally, we  investigated whether melatonin could attenuate Cr 
(VI)-induced mitophagy in SSCs in the same way, i.e., by 

restoration of METTL3-mediated RNA m6A modification. Still, 
the Mettl3-depleted and control cell lines were pretreated with 
50  μM melatonin, followed by treatment with 10  μM Cr (VI) 
for 1  h or 4  h. Western bolt analysis revealed that while the 
expression level of MT1 was maintained by melatonin 
pretreatment in both cell lines, Cr (VI)-induced autophagy 
markers p-Beclin1 and LC3-II were only minimally 
downregulated in melatonin-pretreated Mettl3-depleted cells 
(Figures  9A–D). Similarly, melatonin pretreatment relatively 
less attenuated Cr (VI)-induced increase of cells double positive 
for both Mito and Lyso staining (cells with impaired mitochondria 
that are engulfed by ALs) in Mettl3-depleted cells (Figures 9E,F). 
Together, these data suggest that melatonin could attenuate 
Cr (VI)-induced mitophagy by restoration of METTL3-mediated 
RNA m6A modification in SSCs/progenitors.

FIGURE 5  |  (D) seminiferous tubules in testes from the control, Cr (VI), melatonin + Cr (VI), and melatonin-treated mice. (E) The average body weight in different mouse 
groups. (F) The average testicular index (testis weight/body weight) in different mouse groups. (G) The average sperm number (106/ml) in different mouse groups. (H) The 
ratio of spermatozoa with progressive motility in different mouse groups. (I) The upper panel: the ratio of abnormal spermatozoa in different mouse groups; The lower panel: 
images of spermatozoa from different groups of mice. Bar = 50 μm. (J) Immunofluorescence staining for LIN28 in testis sections from the control, Cr (VI), melatonin + Cr (VI), 
and melatonin-treated mice. Bar = 200 μm. (K) The numbers of LIN28+ cells per seminiferous tubule in testes from the control, Cr (VI), melatonin + Cr (VI), and melatonin-
treated mice. (L) Co-staining analysis for LC3 and LIN28 in testis sections from the control, Cr (VI), melatonin + Cr (VI), and melatonin-treated mice. Bar = 100 μm. Data are 
presented as the mean ± SEM from five mice, and 300 seminiferous tubules from five mice were analyzed in each group. *p < 0.05; **p < 0.01.
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FIGURE 6  |  Melatonin attenuated Cr (VI)-induced cell viability loss and ROS generation in SSCs/progenitors. (A) Western blot analysis of melatonin receptor 1 (MT1) in the 
control, Cr (VI), melatonin + Cr (VI), and melatonin-treated SSCs/progenitors. Of these, Cr (VI) treatment lasted for 1 h. β-actin is used as a loading control. (B) The relative 
expression of MT1 in different cell groups after 1 h of Cr (VI) treatment. (C) Western blot analysis of MT1 and NADPH oxidase 4 (NOX4) in the control, Cr (VI), melatonin + Cr 
(VI), and melatonin-treated SSCs/progenitors. Of these, Cr (VI) treatment lasted for 4 h. β-actin is used as a loading control. (D) The relative expression of MT1 and NOX4 in 
different cell groups after 4 h of Cr (VI) treatment. (E) A CCK-8 assay for SSC/progenitor viability in the control, Cr (VI), melatonin + Cr (VI), and melatonin treatment group. Of 
these, Cr (VI) treatment lasted for 4 h. (F) DCFH-DA detection of the intracellular ROS accumulation in the control, Cr (VI), melatonin + Cr (VI), and melatonin-treated SSCs/
progenitors. Of these, Cr (VI) treatment lasted for 4 h. Data are presented as the mean ± SEM of three independent experiments. *p < 0.05; **p < 0.01.
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FIGURE 7  |  Melatonin attenuated Cr (VI)-induced mitochondrial dynamic disorders and mitophagy via RNA m6A modification in SSCs/progenitors. (A) qPCR 
analysis of Mfn1, Mfn2, Opa1, Bnip3, and Nix in the control, Cr (VI), melatonin + Cr (VI), and melatonin-treated SSCs/progenitors. (B) MMP in the control, Cr (VI), 
melatonin + Cr (VI), and melatonin-treated SSCs/progenitors, as detected by the lipophilic cationic dye JC-1. (C) MDC staining for autophagic vacuoles in the 
control, Cr (VI), melatonin + Cr (VI), and melatonin-treated SSCs/progenitors. Bar = 2 μm. (D) The relative fluorescence intensity of MDC in the control, Cr (VI), 
melatonin + Cr (VI), and melatonin-treated SSCs/progenitors. (E) Western blot analysis of the expression levels of autophagy markers Beclin1, p-Beclin1, and LC3 in 
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FIGURE 7  |  the control, Cr (VI), melatonin + Cr (VI), and melatonin-treated SSCs/progenitors. Of these, Cr (VI) treatment lasted for 4 h. β-actin is used as a 
loading control. (F) The relative band intensities of Beclin1, p-Beclin1, and LC3-II in different cell treatment groups. (G) Mito and Lyso Tracker co-staining 
analysis in the control, Cr (VI), melatonin + Cr (VI), and melatonin-treated SSCs/progenitors. Bar = 2 μm. (H) The ratios of double staining cells to Mito Tracker 
staining cells in the control, Cr (VI), melatonin + Cr (VI), and melatonin-treated SSCs/progenitors. (I) Western blot analysis of Tom20 in the control, Cr (VI), 
melatonin + Cr (VI), and melatonin-treated SSCs/progenitors. Of these, Cr (VI) treatment lasted for 4 h. β-actin is used as a loading control. (J) The relative band 
intensities of Tom20 in different cell treatment groups. (K) The m6A dot-blot assay showing the global RNA m6A modification levels in the control, Cr (VI), 
melatonin + Cr (VI), and melatonin-treated SSCs/progenitors. Of these, Cr (VI) treatment lasted for 1 h. Methylene blue is used as a loading control to eliminate 
the difference in mRNA amount. (L) The m6A-IP-qPCR analysis showing the relative m6A abundance in mitochondrial fusion genes Mfn2, Opa1 and in mitophagy 
genes Bnip3, Nix in the control, Cr (VI), melatonin + Cr (VI), and melatonin-treated SSCs/progenitors. Data are presented as the mean ± SEM of three 
independent experiments. *p < 0.05; **p < 0.01.
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FIGURE 8  |  Melatonin attenuated Cr (VI)-induced decrease of the RNA m6A modification level via METTL3 in SSCs/progenitors. (A,B) qPCR analysis of 
Mettl3, Wtap, Fto, and Ythdf2 in the control, Cr (VI), melatonin + Cr (VI), and melatonin-treated SSCs/progenitors. Of these, Cr (VI) treatment lasted for 1 h 
(A) or 4 h (B). (C,D) qPCR (C) and Western blot analysis (D) of METTL3 in the scramble control and Mettl3-shRNA SSC/progenitor group. β-actin is used as 
a loading control. (E) The METTL3 band intensities relative to β-actin in the scramble control and Mettl3-shRNA SSC/progenitor group. (F,G) qPCR analysis 
of Mettl3 in the scramble control and Mettl3-shRNA SSCs/progenitors treated with vehicle, Cr (VI), melatonin + Cr (VI), or melatonin. Of these, Cr (VI) 
treatment lasted for 1 h (F) or 4 h (G). (H,I) The m6A dot-blot assay showing the global RNA m6A modification levels in the scramble control and Mettl3-
shRNA SSCs/progenitors treated with vehicle, Cr (VI), melatonin + Cr (VI), or melatonin. Of these, Cr (VI) treatment lasted for 1 (H) or 4 h (I). Methylene blue 
is used as a loading control to eliminate the difference in mRNA amount. Data are presented as the mean ± SEM of three independent experiments. 
*p < 0.05; **p < 0.01.
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FIGURE 9  |  Melatonin attenuated Cr (VI)-induced mitophagy by restoration of METTL3-mediated RNA m6A modification in SSCs/progenitors. (A,C) Western blot 
analysis of MT1, Beclin1, p-Beclin1, and LC3 in the scramble control and Mettl3-shRNA SSCs/progenitors treated with vehicle, Cr (VI), melatonin + Cr (VI), or 
melatonin. Of these, Cr (VI) treatment lasted for 1 (A) or 4 h (C). β-actin is used as a loading control. (B,D) The relative expression of MT1, Beclin1, p-Beclin1, and 
LC3-II in different cell groups after 1 (B) or 4 h (D) of Cr (VI) treatment. (E) Mito and Lyso Tracker co-staining analysis in the scramble control and Mettl3-shRNA 
SSCs/progenitors treated with vehicle, Cr (VI), melatonin + Cr (VI), or melatonin. Of these, Cr (VI) treatment lasted for 4 h. Bar = 2 μm. (F) The ratios of double 
staining cells to Mito Tracker staining cells in the scramble control and Mettl3-shRNA SSCs/progenitors treated with vehicle, Cr (VI), melatonin + Cr (VI), or melatonin. 
Data are presented as the mean ± SEM of three independent experiments. *p < 0.05; **p < 0.01.
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DISCUSSION

Chromium (VI) is a proven toxin, mutagen, and carcinogen. 
Although the adverse effects of Cr (VI) on fitness have 
appealed to the public, its deleterious effects on male fertility 
in particular SSCs remain poorly understood. In this study, 
we  identified that exposure of SSCs/progenitors to 10  μM 
Cr (VI) for 4  h upregulated LC3-II and p-Beclin1. LC3-II 
and p-Beclin1 are two well-known markers for autophagy. 
Autophagy is a universal event occurring in eukaryotic cells 
to maintain homeostasis and metabolic balance (Mizushima 
et  al., 2008). Technically, it is a conservative autophagic 
lysosomal degradation process characterized by transporting 
toxic proteins and damaged organelles into lysosomes to form 
autophagosomes, indispensable for cell elimination, 
reconstruction, growth, and development (Klionsky and Emr, 
2000). During this process, the cytosolic LC3 (LC3-I) is 
converted to the autophagosomal membrane type (LC3-II). 
The presence of LC3  in autophagosomes and the conversion 
of LC3-I to LC3-II have thus been used as indicators of 
autophagy (Kabeya et  al., 2000, 2004). In addition, 
phosphorylation of Beclin1 (p-Beclin1), a mammalian autophagy 
effector involved in autophagic vesicle nucleation, is important 

to sufficient autophagy induction (Aita et  al., 1999; Liang 
et  al., 1999). Therefore, upregulation of LC3-II and p-Beclin1 
after Cr (VI) treatment indicates Cr (VI)-induced autophagy 
in SSCs/progenitors.

Mitochondria are highly dynamic organelles. In response 
to external stimuli, mitochondria frequently undergo fusion 
and fission (mitochondrial dynamics) to maintain dynamic 
balance thereby safeguarding normal cellular functions in 
various biological processes (Varuzhanyan and Chan, 2020). 
Mitochondrial fusion occurs via two distinct steps, both 
mediated by the large GTP-hydrolyzing enzymes of the dynamin 
superfamily. Of these, MFN1 and MFN2 mediate fusion of 
the mitochondrial OMM, while OPA1 mediates fusion of the 
inner membrane (IMM). Mitochondrial fusion is 
counterbalanced by fission that is regulated by DRP1 
(Varuzhanyan and Chan, 2020). The appropriate dynamic 
balance between mitochondrial fusion and fission maintains 
the mitochondrial size, quantity, shape, and length. A recent 
article reported that clusterin relieved Cr (VI)-induced 
mitochondrial apoptosis in L02 hepatocytes by repressing the 
Ca2+-ROS-Drp1-mitochondrial fission axis (Tang et al., 2020). 
Despite that, little is known about the Cr (VI)-induced changes 
in mitochondrial dynamics in SSCs, if any. Here, we  found 

FIGURE 10  |  A schematic overview illustrating melatonin-mediated attenuation of Cr (VI)-induced mitochondrial dynamic disorders and mitophagy in SSCs. Cr (VI) 
exposure induces ROS generation and oxidative stress, and downregulates mitochondrial fusion proteins MFN1, MFN2, and OPA1, while upregulates the 
mitochondrial fission protein DRP1, resulting in mitochondrial dynamic disorders. The fragmented mitochondria fuse with lysosomes to form autolysosomes, causing 
aberrant mitophagy. Melatonin can inhibit ROS production and restore METTL3-mediated RNA m6A modification levels in mitochondrial fusion genes Mfn2 and 
Opa1, as well as in mitophagy genes Bnip3 and Nix, resulting in upregulation of MFN2 and OPA1 and downregulation of BNIP3 and NIX. In this way, autolysosomal 
formation and mitophagy are repressed. Green and red arrows point to Cr (VI)- and melatonin-induced biological processes, respectively.
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that following Cr (VI) treatment, mitochondrial fusion genes 
Mfn1, Mfn2, and Opa1 were significantly downregulated, while 
the key mitochondrial fission gene Drp1 was upregulated. 
Besides, the short rod-like morphology indicative of 
mitochondrial aggregation was observed after Cr (VI) treatment. 
These, along with downregulation of the mitochondrial marker 
Tom20, excessive ROS production and decreased MMP, well 
demonstrate that Cr (VI) perturbs mitochondrial dynamics 
and homeostasis.

Typically, damaged mitochondria require elimination to 
maintain the cellular homeostasis, which is attained by mitophagy. 
Mitophagy, namely mitochondrial autophagy, is a targeted 
defense against mitochondrial impairment, playing critical roles 
in selective degradation of damaged or redundant mitochondria 
(Zhang et  al., 2020b). There are two well-known routes for 
mitophagy: (1) the phosphatase and tensin homolog (PTEN) 
induced kinase I (PINK1)-Parkin pathway; and (2) the receptor 
(NIX/BNIP3L, BNIP3 and FUNDC1)-mediated pathway (Kubli 
and Gustafsson, 2012). Here, we  found that exposure of SSCs/
progenitors to 10  uM Cr (VI) for 4  h did not activate the 
PINK1-Parkin pathway. Instead, Cr (VI) treatment upregulated 
Bnip and Nix, suggesting induction of the receptor-mediated 
mitophagy pathway.

N6-methyladenosine is the most abundant internal 
modification of mRNAs in eukaryotes. In mammals, each 
mRNA contains an average of 3–5  m6A modifications within 
a consensus sequence (Meyer et  al., 2012). The methylation 
and demethylation of m6A are dynamically regulated by m6A 
writers (methyltransferases, e.g., METTL3/14 and WTAP, 
responsible for catalyzing the m6A modification of adenosine 
acid on mRNAs), erasers (demethylases, e.g., FTO and ALKBH5, 
responsible for demethylation of m6A modified bases), and 
readers (m6A-binding proteins, e.g., YTHDF2, responsible for 
recognition of the base of m6A modification and for activation 
of downstream regulatory pathways involved in RNA degradation 
and miRNA processing; Shi et al., 2019). RNA m6A modification 
plays important regulatory roles in various biological processes, 
such as the response to inflammatory, DNA damage, cell 
proliferation, and survival (Shi et  al., 2019). Despite this, the 
influence of RNA m6A modification on the response to Cr 
(VI)-induced toxicity in SSCs has so far not been studied. 
Here, we  identified that Cr (VI) treatment induced autophagy 
in SSCs/progenitors, along with a decrease in the global RNA 
m6A level, suggesting that RNA m6A modification may play 
a regulatory role in Cr (VI)-induced SSC/progenitor autophagy. 
Indeed, the m6A-IP-qPCR assay uncovered that Cr (VI) treatment 
reduced the m6A modification levels in mitochondrial fusion 
genes Mfn2 and Opa1, as well as in mitophagy genes Bnip3 
and Nix, lending support to potential roles of RNA m6A 
modification in Cr (VI)-induced mitochondrial abnormality 
in SSCs/progenitors.

Melatonin is the strongest endogenous free radical scavenger, 
implicated in antioxidant systems and prevention of oxidative 
damage in cells. Melatonin can directly act on testes and 
alleviate testicular damage caused by oxidative stress, apoptosis, 
hyperthermia, and inflammation (Dong et  al., 2020; Li et  al., 
2020b; Zhang et  al., 2020a). In addition, melatonin has been 

reported to protect mitochondria by scavenging ROS, inhibiting 
the mitochondrial permeability transition pore (MPTP), 
activating uncoupling proteins (UCPs), and maintaining the 
optimal MMP, together maintaining mitochondrial homeostasis 
and preserving mitochondrial functions (Tan et  al., 2016). 
Since one of the main reasons for Cr (VI)-induced cytotoxicity 
is elevated ROS that trigger oxidative stress, we  assumed that 
melatonin might have protective roles against Cr (VI)-induced 
cytotoxicity in SSCs. As expected, melatonin pretreatment 
downregulated the Cr (VI)-induced increase of NOX4 via 
MT1, thereby alleviating ROS overproduction and preserving 
cell viability. Also, our results demonstrated that melatonin 
pretreatment attenuated Cr (VI)-induced mitochondrial 
dynamic disorders and mitophagy, providing novel insights 
into the mechanisms underlying the protective roles of 
melatonin against Cr (VI)-induced cytotoxicity in SSCs/
progenitors. Yet, a point that should not be  overlooked is 
that the SSC niche and testosterone secretion may change 
after Cr (VI) and/or melatonin treatment. This, and the roles 
it plays, if any, are stimulating topics in future research.

Intriguingly, our results suggest that the protective roles of 
melatonin against Cr (VI)-induced mitochondrial dynamic 
disorders and mitophagy in SSCs/progenitors also involve RNA 
m6A modification. To gain more knowledge in this respect, 
we  analyzed the expression levels of four well-known m6A-
associated genes, i.e., Mettl3, Wtap, Fto, and Ythdf2, which 
encode the m6A writer, eraser, or reader, and found that 
melatonin pretreatment attenuated the Cr (VI)-induced 
downregulation of Mettl3. METTL3 is a key component of 
the m6A methyltransferase complex (Shi et  al., 2019). We  thus 
presumed that melatonin could exert its protective roles via 
METTL3-mediated RNA m6A modification. To this end, 
we  constructed a Mettl3-depleted mouse SSC/progenitor line. 
As expected, Mettl3 depletion reduced the overall RNA m6A 
level, and weakened the protective roles of melatonin against 
the Cr (VI)-induced decrease of the RNA m6A level and 
mitophagy. Thus, our study has for the first time demonstrated 
that melatonin could attenuate Cr (VI)-induced mitophagy by 
restoration of METTL3-mediated RNA m6A modification in 
SSCs/progenitors.

In this study, we  reported the involvement of METTL3-
mediated RNA m6A modification in the protective roles of 
melatonin against Cr (VI)-induced mitophagy in SSCs/
progenitors. Indeed, apart from METTL3, other 
methyltransferases, demethylases, or RNA-binding proteins 
may also function in this process, which warrants systematic 
investigation in future. Besides, we  identified that both the 
m6A abundance and mRNA levels of mitochondrial fusion 
genes Mfn2 and Opa1 were reduced by Cr (VI) treatment. 
Differently, Cr (VI) decreased the m6A abundance but increased 
the mRNA levels of receptor-mediated mitophagy pathway 
genes Bnip3 and Nix. Given that m6A is a ubiquitous RNA 
modification, orchestrating mRNA splicing, translation, stability, 
and degradation (Niu et  al., 2013), it would be  stimulating 
to delve into the m6A-mediated transcriptional regulation in 
these genes. Future studies in these regards would extend 
the knowledge about the roles of RNA m6A modification in 
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mitochondrial physiology, providing clues for treatment of 
disorders resulted from mitochondrial malfunction.

To sum up, we  identified that melatonin could attenuate 
Cr (VI)-induced mitochondrial dynamic disorders and mitophagy 
in SSCs/progenitors, via a mechanism illustrated in Figure  10. 
Our study does provide novel insights into the molecular 
mechanisms for RNA m6A modification underlying the gene 
regulatory network responsible for mitochondrial dynamic 
balance. Moreover, since SSCs are the cornerstone of 
spermatogenesis and able to differentiate into sperm thereby 
transmitting paternal genetic information to the next generation, 
our study, providing knowledge about the response of SSCs 
to environmental toxicant Cr (VI) and the underlying mechanisms 
for the protective roles of melatonin, would contribute to 
development of tailored therapies for Cr (VI)-induced damage 
to male fertility.
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Metastatic disease is responsible for over 90% of death in patients with breast
cancer. Therefore, identifying the molecular mechanisms that regulate metastasis and
developing useful therapies are crucial tasks. Long non-coding RNAs (lncRNAs), which
are non-coding transcripts with >200 nucleotides, have recently been identified as
critical molecules for monitoring cancer progression. This study examined the novel
lncRNAs involved in the regulation of tumor progression in breast cancer. This study
identified 73 metastasis-related lncRNA candidates from comparison of paired isogenic
high and low human metastatic breast cancer cell lines, and their expression levels
were verified in clinical tumor samples by using The Cancer Genome Atlas. Among
the cell lines, a novel lncRNA, LOC550643, was highly expressed in breast cancer
cells. Furthermore, the high expression of LOC550643 was significantly correlated
with the poor prognosis of breast cancer patients, especially those with triple-negative
breast cancer. Knockdown of LOC550643 inhibited cell proliferation of breast cancer
cells by blocking cell cycle progression at S phase. LOC550643 promoted important
in vitro metastatic traits such as cell migration and invasion. Furthermore, LOC550643
could inhibit miR-125b-2-3p expression to promote breast cancer cell growth and
invasiveness. In addition, by using a xenograft mouse model, we demonstrated that
depletion of LOC550643 suppressed the lung metastatic potential of breast cancer
cells. Overall, our study shows that LOC550643 plays an important role in breast cancer
cell metastasis and growth, and LOC550643 could be a potential diagnosis biomarker
and therapeutic target for breast cancer.

Keywords: breast cancer, ncRNA, metastasis, lncRNA, microRNA

INTRODUCTION

Breast cancer is the most common cancer and the second leading cause of cancer deaths among
women worldwide (Bray et al., 2018). Unlike other malignancies, breast cancer is considered a
heterogenous disease consisting of at least four molecular subtypes, namely luminal A, luminal B,
HER2, and triple negative (or basal-like) subtypes, which are determined on the basis of hormone
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receptor status and HER2 expression (Yeo et al., 2014). Among
breast cancer subtypes, triple negative breast cancer (TNBC)
is the most aggressive one, it has the poorest 5-year survival
rate, and has the shortest recurrence intervals because of the
lack of effective treatments and targeted therapy (Bertucci et al.,
2012). Therefore, developing useful prognostic biomarkers and
alternative therapeutic approaches for patients with TNBC is
urgently required.

Long non-coding RNAs (lncRNAs) are an emerging class of
ncRNAs with an estimated number of 15,000 human genome
transcripts, and these RNAs have been demonstrated to play
a crucial role in tumor development (Derrien et al., 2011;
Serviss et al., 2014). Abundant evidence indicates that lncRNAs
exert their function by interacting with cellular macromolecules
such as chromatin, RNAs and proteins to regulate genes
important for cell proliferation, motility, invasiveness, and
angiogenesis (Serviss et al., 2014; Kumar and Goyal, 2017;
Zhang et al., 2020). lncRNAs can also act as decoys to titrate
cancer-related miRNAs to regulate the aforementioned cellular
activities (Yoon et al., 2014; Chan and Tay, 2018). Despite
numerous efforts being made to identify the role of lncRNA
in tumor progression, the function of most lncRNAs remains
largely unknown.

In this study, we compared the lncRNA expression
profiles between the highly metastatic MDA-MB-231-IV2-
1 subline and its parental line MDA-MB-231 to identify
clinically relevant metastasis-related lncRNAs that can be
found in The Cancer Genome Atlas (TCGA) database. We
demonstrated that LOC550643 promoted in vitro metastasis-
traits such as cell growth, migration, and invasion through
inhibiting miR-125b-2-3p. High LOC550643 expression
was significantly correlated with poor overall survival
(OS) when compared with low LOC550643 expression
in TNBC patients.

MATERIALS AND METHODS

Cell Line
Eight human cell lines, namely MCF-10A, MCF-7, T-47D,
SK-BR-3, BT-549, Hs578T, MDA-MB-231, and MDA-MB-453,
were originally obtained from the American Type Culture
Collection and maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% inactivated fetal bovine
serum (FBS) (Invitrogen, Carlsbad, CA, United States). The
highly metastatic MDA-MB-231-IV2-1 and MDA-MB-231-IV2-
2 cells were isolated using an in vivo mouse model, as in
our previous study (Chan et al., 2014). Breast cancer cell
total RNA was prepared using TRIZOL (Invitrogen, Carlsbad,
CA, United States) in accordance with the manufacturer’s
instructions. Total RNA was incubated with DNase I (20 mg/ml)
at 37◦C for 30 min followed by phenol-chloroform extraction.
RNA was then precipitated with isopropanol at 4◦C for 30 min
followed by centrifugation at 12,500 rpm. RNA pellets were
washed with 70% ethanol three times and dissolved in DEPC-
treated water.

Microarray Analysis
MDA-MB-231-P and MDA-MB-231-IV2-1 cells were cultured
in DMEM supplemented with 10% inactivated FBS. The
cells were subjected to RNA extraction after 70% confluence
was reached. Breast cancer cell total RNA was prepared
using TRIZOL approach. Next, 0.2 µg of total RNA was
subjected to amplification by using a Low Input Quick-
Amp Labeling kit (Agilent Technologies, United States)
and labeled with Cy3 (CyDye, Agilent Technologies,
United States). Finally, 0.6 µg of Cy3-labled cRNA was
fragmented and hybridized using an Agilent SurePrint G3
Human V2 GE 8 × 60K microarray (Agilent Technologies,
United States) at 65◦C for 17 h. After hybridization, the
microarray image was scanned and analyzed using Feature
Extraction 10.5.1.1 (Agilent Technologies, United States).
We performed microarray experiments by using the Agilent
oligonucleotide ChIP-on-chip protocol, then data analysis
were analyzing by Welgene Biotech (Taipei, Taiwan) We
submitted all microarray raw data to the National Center
for Biotechnology Information (NCBI) Gene Expression
Omnibus (GEO), and they are freely available (accession
number: GSE175513).

Pathway Enrichment Analysis
The differentially expressed gene–associated networks were
analyzed with Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways. Altered gene expressions were selected from
microarray data and were subsequently fed into the KEGG
pathways using the R package SubPathwayMiner (version 3.1).
Enriched pathways were extracted by Hypergeometric testing the
false discovery rate–corrected q-value were calculated.

Reverse Transcription and Real-Time
Polymerase Chain Reaction (PCR)
Analysis
Total RNA was reverse-transcribed with random primers and
SuperScript III Reverse Transcriptase in accordance with the
relevant user manual (Invitrogen, Carlsbad, CA, United States).
The RT reaction was carried out at 42◦C for 1 h followed by
inactivation at 70◦C for 10 min. The cDNA was used for the
subsequent PCR reaction with gene-specific primers, and gene
expression analysis was conducted using a SYBR Green I assay
(Applied Biosystems, Foster City, CA, United States). Delta-delta
Ct values were used to determine their relative expressions as fold
changes using GAPDH as an internal control. The primers used
are listed in Supplementary Table 1.

Clinical Samples
The data and specimens used in this study were collected from 36
breast cancer patients who underwent surgery at the Department
of Surgery, Kaohsiung Veterans General Hospital (KSVGH),
Taiwan. Informed consent forms were obtained from all patients
by the KSVGH biobank. This study was approved by the ethics
committees of KSVGH (VGHKS16-CT10-08).
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LOC550643 Expression Analysis and
Clinical Impact of TCGA Database
In this study, we downloaded TCGA data on RNA sequences in
breast cancer tissue samples from the TCGA online database1.
The RNA-seq data of 1092 breast cancer tissue samples and 113
corresponding adjacent normal tissue samples were fetched from
TCGA public domain. Among them are expression profiles of
56 paired normal/tumor tissues from the breast cancer patients.
We identified lncRNAs differentially expressed in cancer tissues
versus their adjacent normal tissues from the 56 breast cancer
patients. The clinical information of the patients was also
downloaded. In this study, the Kaplan–Meier survival analysis
was applied for evaluating LOC550643 relevant overall survival
in 1070 breast cancer patients.

RNA Ligase–Mediated Rapid
Amplification of the 5′ and 3′ Rapid
Amplified cDNA Ends for Full-Length
Determination
To map the full LOC550643 sequence, RNA ligase–mediated
rapid amplification of cDNA ends (RACE) was performed using
the GeneRacer kit (Invitrogen, Carlsbad, CA, United States) in
accordance with the manufacturer’s instructions. The 5′ RACE
was conducted to obtain the complete sequence of the lncRNA
transcript. The 5′ end sequence of the lncRNA transcript was
generated using GeneRacer 5′ primer and reverse primers.
In addition, the 3′ end sequence of the lncRNA transcript
was obtained using the GeneRacer 3′ primer and forward
primers. The complete sequence of the lncRNA transcript was
obtained by merging the 5′ end and 3′ end sequences. PCR
products were gel-purified and cloned into a pCR4 TOPO vector
(Invitrogen, Carlsbad, CA, United States) for sequencing. The
primers used in the RNA ligase–mediated RACE are presented
in Supplementary Table 1.

LOC550643 Knockdown
MDA-MB-231-IV2-1 cells with approximately 70% confluence
were cultured in 60-mm cell culture dishes with DMEM
supplemented with 10% FBS for 24 h prior to transient
transfection. For LOC550643 knockdown, LOC550643 siRNAs
(10 nmol/L) transfection was conducted using lipofectamine
RNAiMAX (Invitrogen) in Opti-MEM (Invitrogen). The
sequences of siRNAs purchased from Gene Discovery are
presented in Supplementary Table 2.

Cell Proliferation Assay
Cells were transfected with either si-LOC550643 or siNC
and plated onto 96-well plates. Cell proliferation was
determined at the time point of 0, 1, 2, 3, and 4 days.
Cell viability was analyzed by MTS assay (Promega
Corporation, United States) in accordance with the
manufacturer’s instructions.

1https://tcga-data.nci.nih.gov/tcga/dataAccessMatrix.htm

Colony Formation Assay
A total of 4000 cells were plated in 6-well plates and incubated
at 37◦C for 10 days. The cultured medium was replaced every
3 days. Cells were fixed with 4% formaldehyde for 2 min, and
colonies were stained with 0.5% crystal violet solution for 2 h.
The 6-well plates were washed with H2O and air-dried. The
crystal violet-stained cells were then lysed with 1 mL of 10%
acetic acid followed by analysis of 595 nm the absorbance using a
spectrophotometer.

Cell Synchronization
MDA-MB-231-IV2-1 cells were synchronized at the late G1/early
S phase by using a double thymidine block in accordance with
a previous study (Chen and Deng, 2018). MDA-MB-231-IV2-
1 cells with approximately 70% confluence were seeded in 6-
cm dishes and transfected with si-LOC550643 as previously
described. After 24 h of siRNA transfection, the first thymidine
block was initiated through the addition of thymidine (Sigma)
to the wells at a final concentration of 2 mM for 16 h. Cells
were then washed with 1X phosphate-buffered saline (PBS) and
further cultured in normal cell maintenance media for 8 h to
release the cell cycle. The second 16-h thymidine (2 mM) block
was initiated immediately following the 8-h cell cycle release.
After the second thymidine block, the cells were washed with 1X
PBS to release the cell cycle and further incubated in a medium
containing nocodazole (1 µg/mL) to arrest cells in the G2/M
phase. The cell cycle progression of the cells was analyzed using
flow cytometry every hour for 8 h following the release. The
cell cycle profiles were analyzed using NucleoView NC-3000 to
determine the percentages of cells in the G1, S, and G2/M phases.

Image Flow Cytometry Assay
The cell cycle of MDA-MB-231-IV2-1 with LOC550643
knockdown was determined using the fluorescence image
cytometer NucleoCounter NC-3000 (ChemoMetec, Gydevang,
Lillerød, Denmark). After transfection with siRNA for 48 h, the
cells were trypsinized and the number of cells was determined.
A total of 1 × 106 cells were fixed with 70% ethanol at 4◦C
overnight. The cells were then stained with 1 µg/mL DAPI
(4’,6-diamidino-2-phenylindole) solution containing DAPI and
0.1% triton X-100 in PBS at 37◦C for 5 min. Finally, the stained
cells were analyzed using the NucleoView NC-300 software
program (ChemoMetec, Gydevang, Lillerød, Denmark).

Western Blotting
The cells were harvested 48 h after transient transfection followed
by PBS wash, and treated with lysis buffer (50 mM Tris-HCl at
pH 8.0, 150 mM NaCl, 1% NP-40, 0.02% sodium azide, 1 µg/mL
aprotinin, 1 mM PMSF) at 4◦C for 30 min. The relevant details
are described in our previous study (Tsai et al., 2018). Detailed
information regarding the primary antibodies used in this study
is presented in Supplementary Table 3.

Cell Invasion
For the invasion assay, 3 × 105 cells were suspended in
200 µL of DMEM with 2% FBS and plated onto BD BioCoat
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FIGURE 1 | Comparison of MDA-MB-231-P and MDA-MB-231-IV2-1 lncRNA profiles. (A) Flowchart for the microarray approach to screening lncRNA candidates
and the use of TCGA database to examine their expression levels. (B) The 56 expression profiles of normal/tumor tissue pairs from patients with breast cancer
obtained from TCGA database. The fold change values of the individual lncRNAs were calculated using the lncRNA expression levels of tumor cells compared with
non-tumor cells. A heatmap of the differential expression of the 52 lncRNA candidates in 56 patients with breast cancer is presented. (C) Heatmap of selected
putative metastasis-associated lncRNAs in MDA-MB-231-P cells compared with MDA-MB-IV2-1 cells.

Matrigel Invasion Chambers (24-well insert; pore size, 8 µm; BD
Biosciences) precoated with 100 µL Matrigel (0.5 µg/µL) per
insert and incubated in a humidified chamber for 2 h at 37◦C.
The lower chamber was filled with DMEM containing 10% FBS.
After being cultured for 24 h, the transwell inserts were fixed
and stained with crystal violet solution (0.5% crystal violet, 5%
formaldehyde, 50% ethanol, and 0.85% sodium chloride). Cells
that did not invade were erased with a cotton swab. The invaded
cells were imaged under a microscope at 100×magnification.

Animal Model
A xenograft mouse model was performed in this study, 10 mice
were used for the lung metastasis assay (five controls and five

for LOC550643 knockdown). A total of 1 × 106 cells were
transfected with the indicated siRNAs 24 h before injection,
and then they were suspended in 100 µL of 1X PBS and
were injected into C.B-17 severe combined immunodeficient
(SCID) mice via tail vein. The lung metastasis status of the
mice was investigated 3 weeks after injection. The mice were
intravenously injected with 200 µL of luciferin (20 mg/mL) and
anesthetized with isoflurane. The mice were then transferred
to the imaging chamber of the in vivo imaging system (IVIS)
spectrum to obtain the luminescent signals (Perkin Elmer Inc.,
MA, United States). The luminescent signals were measured
and analyzed using Living Image 4.4 (Perkin Elmer Inc.,
MA, United States).
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FIGURE 2 | Identification of metastasis-related lncRNA candidates in MDA-MB-231-IV2 cells. (A) Expression levels of the three putative oncogenic lncRNA
candidates examined in the parental MDA-MB-231, MDA-MB-231-IV2-1, and MDA-MB-231-IV2-2 cells. (B) Expression levels of the three tumor-suppressive
lncRNA candidates examined in the parental MDA-MB-231-P, MDA-MB-231-IV2-1, and MDA-MB-231-IV2-2 cells. All experiments were carried out in triplicate.
Using Student’s t-test to analyze our data and p < 0.05 was considered significant (*p < 0.05, **p < 0.01, and ***p < 0.001).

In vivo Imaging System
The mice were injected intravenously with 200 µL of luciferin
(20 mg/mL) at a dose of 200 mg/kg and then euthanized using
CO2. The mouse lungs were surgically removed and placed in
the IVIS chamber for IVIS imaging between 5 and 15 min after
sacrifice. The bioluminescence images were acquired using the
IVIS SpectrumCT and were analyzed using Living Image 4.4
(Perkin Elmer Inc., CA, United States).

Hematoxylin and Eosin Staining
Samples were fixed in 4% paraformaldehyde for 1 h at
room temperature and then embedded in paraffin. The 6-µm
tissue sections were prepared using a microtome followed by
deparaffinization with xylene. The tissue sections were slowly
rehydrated by immersing them into decreasing concentrations
of ethanol and then placing them in deionized water for the
subsequent hematoxylin and eosin (H&E) staining. The tissue
sections were then stained with hematoxylin solution (Merck,
CA, United States) for 3 min followed by washing with water

for 5 min. Finally, the tissue sections were stained with eosin
(Merck, CA, United States) for 30 s followed by dehydration
using increasing concentrations of ethanol. The sections were
finally maintained in xylene. The tissue sections were mounted
using Micromount (Leica, CA, United States) for 1 h at
room temperature.

Small RNA Transcriptome Analysis
Through Next-Generation Sequencing
After the MDA-MB-231-IV2-1 cells were transfected with si-
LOC550643 and the scrambled control for 48 h, the total RNA
was extracted from two samples by using TRIZOL reagent. The
small RNA library was prepared using the NEBNext small RNA
library prep kit (New England Biolabs). The library preparation
process is described in details in our previous study (Tseng et al.,
2017). Finally, the small RNA profiles of the MDA-MB-231-IV2-
control and MDA-MB-231-IV2-LOC550643 knockdown were
performed using the MiSeq V2 reagent kit (150 cycles; Illumina,
San Diego, CA, United States). The sequencing data were
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FIGURE 3 | Analysis of LOC550643 expression levels in breast cancer tissues. (A) Expression levels of LOC550643 in breast cancer tissues and corresponding
adjacent normal tissues (real-time PCR). (B) Expression levels of LOC550643 in human breast cancer tissues versus normal tissues (TCGA database). (C–E)
Impacts of LOC550643 expression on the OS of TNBC patients versus non-TNBC patients.

analyzed using our own tool (Pan et al., 2014). All microarray raw
data were deposited in the NCBI GEO, and they are all accessible
(accession number: GSE175514).

MicroRNA Expression Analysis and
Clinical Impacts of TCGA Database
We downloaded small RNA expression data for breast cancer
tissues from TCGA database. The expression profiles of 778
breast cancer tissue samples and 87 matched normal parts
were fetched from TCGA portal. The clinical information
of breast cancer patients was also downloaded. Small RNA
and RNA sequencing were performed simultaneously for
757 breast cancer patients. The small RNA transcriptome
profiles were subject to an OS analysis by using the Kaplan–
Meier method.

Stem-Loop Reverse Transcription PCR
The PCR process is described in detail in our
previous study (Liu et al., 2018). The miR-125b-
2-3p expression levels were normalized to those

of U6 small RNA (1Ct = target miR-125b-2-
3p Ct-U6 Ct). The primers used are presented in
Supplementary Table 1.

Ectopic Expression of miRNAs
Breast cancer cells were transfected with 10 nM miRNA-
125b-2-3p mimics or a scrambled control (GenDiscovery
Biotechnology Inc., Taiwan) by using lipofectamine RNAiMAX
reagent. After 24 h of transfection, the miR-125b-2-3p expression
levels were confirmed using stem-loop reverse transcription
quantitative PCR.

Candidate miRNA Targets and
Luciferase Activity Assay
The putative miRNAs targeting LOC550643 (Genebanl ID:
MH892397) were predicted using TargetScan. In this study,
189 miRNAs were predicted to bind to LOC550643. The
full lengths of LOC550643-wt (Genebanl ID: MH892397)
and LOC550643-mut (mutated miR-125b-2-3p binding site)
were synthesized using Invitrogen (Invitrogen, Waltham, MA,
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United States). The fragments were cloned into the pMIR-
REPORT vector. During synthesis, a SpeI cutting site was
added at the 5′ end, and HindIII was added at the 3′ end
of the LOC550643-wt and LOC550643-mut fragments, which
were then cloned into the pMIR-REPORT vector. Subsequently,
the pMIR–LOC550643-wt or pMIR–LOC550643-mut vectors
were cotransfected separately with miR-125b-2-3p mimics or
scrambled controls into breast cancer cells by using lipofectamine
RNAiMAX reagent. 24 h post transfection, cells were harvested
with lysis buffer and luciferase activity was measured by
using the Dual-Glo Luciferase Reporter Assay System (Promega
Corporation, Madison, WI, United States).

Statistical Analysis
The clinical impacts of LOC550643 on breast cancer
were evaluated using Fisher’s test and a chi-squared test.
LOC550643 expression levels were tested in triplicate
for clinical samples, cell growth, invasion ability, colony
formation, cell cycle, and reporter experiments. The
histograms present the mean values, and the error bars
indicate the standard deviation. The in vitro and animal
experiment data were analyzed using Student t-tests. OS
was determine using the log-rank test or the Kaplan–Meier
method. A p-value of < 0.05 was considered significant for
the experiments.

RESULTS

Identification of Metastasis-Related
lncRNA Candidates in TNBC
To explore the role of lncRNAs in breast cancer metastasis,
we first generated expression profiles of human lncRNAs in
MDA-MB-231-P and MDA-MB-231-IV2-1 cells by using a
microarray approach (Agilent SurePrint G3 Human V2 GE;
34092 protein-coding genes and 8715 lncRNAs). The highly
metastatic MDA-MB-231-IV2-1 cells were isolated using an
in vivo mouse model; therefore, the MDA-MB-231-IV2-1 cells
exhibited higher metastatic ability than did the MDA-MB-
231-P cells (Chan et al., 2014). After the microarray profiling
process, several protein-coding genes with differential expression
were identified between the MDA-MB-231-P and MDA-MB-231-
IV2-1 cells (2926 upregulated genes and 2989 downregulated
genes; fold change > 2 and < 0.5, p < 0.01; Supplementary
Figures 1A,B). These raw microarray data were uploaded to
the NCBI GEO database and are freely available (accession
number: GSE175513). Through pathway enrichment analysis,
we observed that these differentially expressed genes were
significantly involved in cell migration and motility signaling
pathways (Supplementary Figure 1C). We also identified several
differentially expressed lncRNA candidates between the MDA-
MB-231-P and IV2-1 cells (213 upregulated lncRNAs and 301
downregulated lncRNAs; fold change: >2 and <0.5, respectively,
p < 0.01; Figure 1A). We further examined the expression
levels of these lncRNA candidates (514 differentially expressed
lncRNAs) in breast cancer cells by using TCGA database. A total
of 52 lncRNA candidates had significant differential expression

in breast cancer cells when compared with adjacent normal cells
(Figure 1B). Among them, we first randomly selected 6 lncRNA
candidates to confirm their expression levels by using real-time
PCR with MDA-MB-231-P, MDA-MB-231-IV2-1, and MDA-
MB-231-IV2-2 cells. Similar to the MDA-MB-231-IV2-1 cells,
the MDA-MB-231-IV2-2 cells were derived from MDA-MB-231-
P cells by using an in vivo mouse model (Chan et al., 2014).
Our data revealed that the expression levels of LOC550643 and
PVT1 were significantly upregulated in MDA-MB-231-IV2-1 and
MDA-MB-231-IV2-2 cells (Figure 2A), whereas the expression
levels of LOC652276 were significantly increased in MDA-MB-
231-IV2-1 cells but not in MDA-MB-231-IV2-2 cells when
compared with MDA-MB-231-P cells. In addition, the expression
levels of PRL23AP53 and GATS were significantly lower in the
MD-MB-231-IV2-1 and MDA-MB-231-IV2-2 cells, but those of
FAM66D were significantly lower only in MD-MB-231-IV2-2
cells (Figure 2B).

Correlation of LOC550643 Expression
With Poor Prognosis in Breast Cancer
Patients
We next investigated the clinical impacts of the 52 metastasis-
associated lncRNAs by analyzing TCGA data. Among them,
a novel lncRNA, LOC550643, was correlated with a survival
curve in patients with breast cancer (Supplementary Figure 2).
As presented in Figures 3A,B, the expression levels of
LOC550643 were significantly upregulated in breast cancer tissue
when compared with adjacent normal tissues. Moreover, high
LOC550643 expression levels were associated with pathological
stages (p = 0.009) and weakly associated with pN stage
(p = 0.053) (Table 1). The Kaplan–Meier analysis revealed that
high LOC550643 expression levels were significantly correlated
with a poor OS curve (effect of LOC550643 on OS: p = 0.003,
Table 2 and Figure 3C). A multivariate Cox regression model
indicated a significant association between high LOC550643
expression levels and poor OS (LOC550643: adjusted hazard
ratio, 2.00; 95% CI, 1.24–3.23; p = 0.004; Table 2). Stratified
by molecular subtypes, the Kaplan–Meier survival analysis
indicated that when compared with non-TNBC patients, high
LOC550643 expression was significantly associated with poor
OS in patients with TNBC (Figures 3D,E). Therefore, we
surmised that LOC550643 might participate in the cellular
machinery responsible for regulating growth and metastasis
of breast cancer.

Identification of the Full Length
LOC550643 in Breast Cancer Cells
According to the University of Santa Cruz (UCSC) database,
LOC550643 comprises three exons (Supplementary Figure 3A).
However, the real length of the LOC550643 sequence is unclear;
therefore, we identified their full lengths by performing 5’
and 3’ RACE. The RACE results revealed three LOC550643
transcripts of varying lengths (V1: 718 bp; V2: 581 bp; and
V3: 476 bp) (Supplementary Figure 3B and Supplementary
Table 4). Details on the gene structures of the three LOC550643
isoforms are presented in Supplementary Figures 3C,D.
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TABLE 1 | The relationship between expression levels of LOC550643 and clinicopathologic data of BC patients.

Expression level of LOC550643 (n = 1073)

Variables Low expression Highly expression P-value

Number (%) Number (%)

AJCC pathological stage

I 243 (89.0) 30 (11.0) 0.009b

II 451 (81.3) 104 (18.7)

III 191 (84.9) 34 (15.1)

IV 14 (70.0) 6 (30.0)

pT stage

T1 308 (86.5) 48 (13.5) 0.267b

T2 463 (82.5) 98 (17.5)

T3 105 (83.3) 21 (16.7)

T4 23 (76.7) 7 (23.3)

pN stage (n = 1067)

N0 494 (85.3) 85 (14.7) 0.053a

N1 246 (79.4) 64 (20.6)

N2 92 (85.2) 16 (14.8)

N3 63 (90.0) 7 (10.0)

pM stage

M0 885 (84.0) 168 (16.0) 0.118b

M1 14 (70.0) 6 (30.0)

ap-value is estimated by chi-square test.
bp-value is estimated by Fisher’s test.

TABLE 2 | Univariate and multivariate Cox’s regression analysis of LOC550643 and expression for overall survival of 1070 patients with breast cancer.

OS

Characteristic No. (%) CHR (95% CI) P-value AHR (95% CI) P-value

LOC550643 (n=)

Low 896 (83.7) 1.00 1.00

High 174 (16.3) 2.15 (1.34–3.46) 0.003 2.00 (1.24–3.23) 0.004

Abbreviation: OS, overall survival; CHR, crude hazard ratio; AHR, adjusted hazard ratio.
AHR were adjusted for AJCC pathological stage (II, III, and IV VS. I).

Despite the aforementioned discovery, the detailed roles of
LOC550643 and its isoforms in breast cancer metastasis are
unclear. We also examined LOC550643 expression among
breast cancer cell lines with different molecular subtypes
and invasive capabilities (Supplementary Figure 4A). To
address the function of LOC550643 in breast cancer cells,
we designed two siRNAs targeting LOC550643 with sequences
complementary to the second and third exons, respectively
(Supplementary Figure 4B). After siRNA transfection, the
knockdown efficiency of LOC550643 in the MDA-MB-231-IV2-
1 cells was confirmed using real-time PCR. The endogenous
expression levels of LOC550643 in scramble siRNA-transfected
cells (N.C) were similar to that of in the mock control group
(Supplementary Figure 4C). However, the LOC550643 mRNA
levels in the MDA-MB-231-IV2-1 cells markedly decreased
after si-LOC550643#301 or si-LOC550643#543 transfection
(Supplementary Figure 4C).

Suppression of Breast Cancer Cell
Growth Through the Impairment of Cell
Cycle Progression by LOC550643
Knockdown
As shown above, high LOC550643 expression was correlated
with poor OS in breast cancer patients, particularly in
those with TNBC (Figure 3E). Furthermore, we pooled two
siRNAs (siRNA#301 and siRNA#543), which could reduce
the overall concentration and prevent off-target effects for
examining the biological function of LOC550643 in TNBC cell
lines. After transfection with the pooled siRNAs, LOC550643
expression levels were obviously reduced in MDA-MB-231-
IV2-1, BT549, and Hs578T cells (Figures 4A–C). Our data
indicated that LOC550643 knockdown significantly suppressed
colony formation capability in the three breast cancer cell
lines (Figures 4D–I). Furthermore, LOC550643 knockdown
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FIGURE 4 | Examination of LOC550643 cellular function in breast cancer cell lines. The siRNAs (N.C, si-LOC550643-pool) were individually transfected into breast
cancer cells (MDA-MB-231-IV2-1, BT549, and Hs578T) followed by cellular function examination. (A–C) Relative expression of LOC550643 in three breast cancer
cell lines after siRNA transfection (real-time PCR). (D–F) Colony formation assay performed for MDA-MB-231-IV2-1, BT549, and Hs578T cells after transfection with
si-LOC550643 or a scramble control. The cells were fixed and stained with crystal violet solution. (G–I) Relative colony formation ability quantified using a 595-nm
optical density. (J–L) Cell proliferation measured using the CellTiter-Glo assay at various time points following LOC5506431 knockdown (0, 1, 3, and 4 days) as
compared with the scramble control. All experiments were carried out in triplicate. Using Student’s t-test to analyze our data and p < 0.05 was considered significant
(*p < 0.05, **p < 0.01, and ***p < 0.001).

also slightly inhibited the proliferation of breast cancer cells
(Figures 4J–L). These results implied that LOC550643 might
be involved in breast cancer cell growth. To more thoroughly
understand the detail mechanism of the involvement of
LOC550643 in breast cancer cell growth, we investigated the
effects of LOC550643 on cell cycle by using an image flow
cytometry assay. Our data revealed a significantly increase in
the S phase (13% increase, p < 0.001) accompanied by a
17% decrease (p < 0.001) of MDA-MB-231-IV2-1 G1-phase
cells upon LOC550643 knockdown (Figures 5A,B). We further
checked cell cycle progression over time following release from

a double thymidine block. As shown in Figure 5C, most
control cells entered the G2/M phase from the late G1/early
S phase 8 h after release, whereas the LOC550643 knockdown
cells were blocked in the S phase and delayed entry into the
G2/M phase. We also examined the cell cycle–related genes and
observed that LOC550643 knockdown resulted in lower Cyclin
B1, Cyclin A2, and CDK2 protein levels in MDA-MB-231-IV2-
1 cells and increased P21 and P27 protein levels in MDA-
MB-231-IV2-1 cells (Figures 5D,E). These data indicate that
LOC550643 knockdown could suppress cell growth by promoting
cell cycle S phase arrest.
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FIGURE 5 | Suppression of breast cancer cell growth through the induction of cell cycle arrest at the S phase following LOC550643 depletion. (A) Cell cycle of
MDA-MB-231-IV2-1 cells after 48 h of LOC550643 knockdown. (B) Experiments were performed in triplicate and data were quantified and analyzed using Student’s
t-test. (C) Cell cycle of MDA-MB-231-IV2-1 cells synchronized using a double thymidine block and released into nocodazole medium for the indicated times. At each
time point, the cells were subjected to cell cycle analysis. (D) Expression levels of cell cycle–related genes examined using Western blotting assays following 48 h of
siRNA transfection. (E) Western blotting assays were done in triplicate, then all experiment data were further quantified. Using Student’s t-test to analyze our data
and p < 0.05 was considered significant (*p < 0.05, **p < 0.01, and ***p < 0.001).
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FIGURE 6 | Significant suppression of breast cancer cell invasion ability through LOC550643 knockdown. (A–C) Invasion assay conducted with
MDA-MB-231-IV2-1, BT549, and Hs578T with and without LOC550643 knockdown. The representative images of invading cells stained with crystal violet solution
(upper panels). Three different fields were subjected to count numbers of invading cells. The related invasion capability was evaluated using the number of invading
cells of LOC550643 knockdown as compared with the control (means ± SD) (lower panels). All experiments were carried out in triplicate. Using Student’s t-test to
analyze our data and p < 0.05 was considered significant (*p < 0.05, **p < 0.01, and ***p < 0.001).

Suppression of Breast Cancer Cell Lung
Metastasis Potential Through
LOC550643 Depletion
Furthermore, LOC550643 knockdown also suppressed breast
cancer cell invasion ability in three TNBC cell lines, namely
MDA-MB-231-IV2-1 (Figure 6A), BT549 (Figure 6B), and
Hs578T (Figure 6C). To validate our in vitro findings, we
employed a mouse model to determine whether LOC550643
would affect the lung metastasis potential of the MDA-MB-
231-IV2-1 cells. One million LOC550643-depleted MDA-MB-
231-IV2-1 cells labeled with luciferase and the control MDA-
MB-231-IV2-1 cells labeled with luciferase were, separately,
intravenously injected into SCID mice. Three weeks after
injection, the mice were sacrificed, and lung metastasis were
examined using IVIS imaging. The lungs of mice injected
with LOC550643-depleted MDA-MB-231-IV2-1 cells displayed
reduced luminescence signals when compared with the control
group (Figures 7A,B). After IVIS imaging, the mouse lungs were
fixed with 3.5% formaldehyde and embedded with paraffin to
form tissue blocks. H&E staining of lung sections confirmed
that the LOC550643-depleted MDA-MB-231-IV2-1 cells formed
smaller metastases than did the control cells (Figures 7C,D).
Taken together, the results revealed that LOC550643 knockdown
could suppress breast cancer cell metastasis.

Direct Interaction of LOC550643 With
miR-125b-2-3p to Suppress Breast
Cancer Cell Growth and Motility
To further explore the mechanism of how LOC550643 modulates
breast cancer cell growth and motility, we performed miRNA
transcriptome analysis using breast cancer cells with and without

LOC550643 knockdown. The transcriptome data analysis
revealed 181 downregulated and 104 upregulated miRNAs
in MDA-MB-231-IV2-1 cells upon LOC550643 knockdown
(Figure 8A). In addition, target prediction tools identified 189
miRNAs directly bound to LOC550643 sequences (Figure 8A).
Relevant studies have revealed that the target-directed miRNA
degradation mechanism (TDMD) could modulate miRNA
stability by binding target genes. Furthermore, the transcripts of
target genes with highly complementary miRNA-binding sites
could induce miRNA degradation (Bitetti et al., 2018; Ghini
et al., 2018). In accordance with TDMD theory, we suggest
that LOC550643 knockdown could increase abundance of target
miRNA candidates by reducing LOC550643–miRNA interactions
in MDA-MB-231-IV2-1 cells. We identified 5 miRNAs, namely
miR-29b-5p, miR-34b-3p, miR-125b-2-3p, miR-629-3p, and
miR-6515-5p, that could be sponged by LOC550643. We
further analyzed the expression levels of miR-29b-5p, miR-
34b-3p, miR-125b-2-3p, and miR-629-3p in breast cancer
cells and observed that only miR-125b-2-3p was significantly
lower in breast cancer tissues compared with the normal tissues
(Supplementary Figure 5). Moreover, miR-125b-2-3p expression
was greatly decreased in breast cancer cells upon LOC550643
overexpression, whereas miR-125b-2-3p expression levels were
significantly higher in LOC550643-depleted breast cancer cells
(Figures 8B,C). Therefore, we examined whether miR-125b-2-3p
would directly interact with LOC550643. To do so, the full
length LOC550643 was cloned immediately downstream of the
luciferase reporter, and the luciferase activity was measured
in the presence of miR-125b-2-3p or a scramble sequence. As
presented in Figure 8E, luciferase reporter assay revealed that
the luciferase activity levels of 293T cells cotransfected with
miR-125b-2-3p mimics and the luciferase reporter plasmid were
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FIGURE 7 | Suppression of the lung metastasis potential of MDA-MB-231-IV2-1 cells through LOC550643 depletion. (A) Lung metastatic ability of si-LOC550643
and N.C control MDA-MB-231-IV2-1 cells examined using the SCID mice model through intravenous injection. Ten SCID mice were used (five as controls and five
with LOC550643 knockdown). Three weeks after injection, lung metastasis status was assessed using IVIS. (B) ROI intensity calculated and analyzed using
Student’s t-test. (C) Metastatic lungs examined using H&E staining. (D) Lung metastasis index assessed using Student’s t-test. *p < 0.05.

significantly lower than those of cells cotransfected with the
control miRNA mimics. The miR-125b-2-3p mimics had no
inhibitory effect on the luciferase activity of the reporter plasmid
containing LOC550643 with mutated miR-125b-2-3p binding
sites (Figure 8F). On the basis of these findings, we concluded
that LOC550643 is a miRNA sponge for miR-125b-2-3p in breast
cancer cells. Next, we examined the role of miR-125b-2-3p in
breast cancer cells and observed that miR-125b-3p expression
significantly suppressed cell proliferation, colony formation,
and invasion ability (Figures 9A–D). Low miR-125b-2-3p
expression is associated with poor survival in patients with breast
cancer (Supplementary Figure 6A). Because LOC550643 exerts
its oncogenic function through miR-125b-2-3p sponging, we
explored the impact of LOC550643–miR-125b-2-3p axis activity
in breast cancer cells. Patients were classified into three groups
according to LOC550643 and miR-125b-2-3p expression. The
first group comprised patients with low LOC550643 and high
miR-125b-2-3p expression, the second group comprised patients
with both high or both low LOC550643 and miR-125b-2-3p
expression, and the third group comprised patients with high
LOC550643 and low miR-125b-2-3p expression. As presented
in Supplementary Figure 6B, breast cancer patients with
high LOC550643 and low miR-125b-2-3p expression had the
poorest survival rate among the three groups. Therefore, we
conclude that LOC550643 promotes breast cancer cell growth
and metastasis through miR-125b-2-3p sponging.

DISCUSSION

lncRNA is no longer considered “transcription noise,” and its
abnormal expression was revealed to be meaningful to the onset
and development of human malignancies (Schmitt and Chang,
2016). Thus, lncRNA has become one of the major topic in
cancer research. A number of studies have recently indicated
that numerous lncRNAs are associated with breast cancer
progression, including GAS5 (Mourtada-Maarabouni et al., 2009;
Zheng et al., 2020), H19 (Adriaenssens et al., 1998), HOTAIR
(Rinn et al., 2007), MALAT1 (Loi et al., 2007), NEAT1 (Silva
et al., 2011), UCA1 (Wang et al., 2008), XIST (Benoît et al.,
2007), and BCAR4 (Peng et al., 2021). In our study, we performed
transcriptome analysis of MDA-MB-231-P and MDA-MB-231-
IV2-1 cells and identified several metastasis-associated lncRNAs
in breast cancer cells. Herein, we report a novel functional
lncRNA, LOC550643, which is highly expressed in patients with
breast cancer. In addition, high LOC550643 expression levels
are significantly correlated with poor survival in breast cancer
patients. LOC550643 is located on chromosome X (p11.21), and
three alternative isoforms can be generated in breast cancer cells.
Relevant studies have indicated that a known lncRNA termed
XIST (X inactive specific transcript), which is located in the
X inactivation center, and its product are transcribed from the
inactive X chromosome (Yang et al., 2017). XIST is one of the first
known examples of lncRNA with a prominent role in regulating X
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FIGURE 8 | Regulation of miR-125b-2-3p expression through direct interaction with LOC550643. (A) Identification of LOC550643-sponged miRNA candidates
through TargetScan and small RNA profiles. (B) Expression levels of miR-125b-2-3p examined in MDA-MB-231-P cells with ectopic LOC550643 expression
(real-time PCR). (C) Expression levels of miR-125b-2-3p assessed in MDA-MB-231-IV2-1 cells with si-LOC550643 transfection by real-time PCR. (D) Schema of
luciferase constructs. The miR-125b-2-3p targeting sequence in the LOC550643 sequence is represented in the upper panel, and the mutated sequence of its
binding region is in red. (E,F) Relative luciferase activity of pMIR-LOC550643-wt and pMIR-LOC550643-mut identified in breast cancer cells transfected with
miR-125b-2-3p mimics and scramble control. All experiments were carried out in triplicate. Using Student’s t-test to analyze our data and p < 0.05 was considered
significant (*p < 0.05, **p < 0.01, and ***p < 0.001).

chromosome inactivation. In mammals, the majority of genes are
silenced in one of the X-chromosomes in each cell, accounting
for a similar level of gene expression between the sexes (Dey
et al., 2014). XIST is typically expressed by all female somatic
cells but not in female breast, ovarian, or cervical cancer cell
lines (Kawakami et al., 2004; Benoît et al., 2007). XIST also
plays a crucial role in ovarian cancer (Ren et al., 2015), non–
small cell lung cancer (Tantai et al., 2015), and glioblastoma
(Yao et al., 2015).

Zhu et al. (2015) first discovered LOC550643 as a novel non-
coding RNA mapped to Xp11.21. They observed that LOC550643

was a susceptibility locus for systemic lupus erythematosus (SLE)
and that it played a critical role in X-linked genetic variants in
the pathogenesis of SLE in Han Chinese populations (Zhu et al.,
2015). In order to avoid abnormal overexpression of X-linked
genes, epigenetic modification participates to X chromosome
inactivation in female cells (Brooks and Renaudineau, 2015). Zhu
et al. (2015) hypothesized that LOC550643 may maintain the X
inactivation that prevents X-inked gene overexpression through
dosage compensation in women. However additional studies
are needed to determine how this locus influences the etiology
of SLE (Zhu et al., 2015). Yang et al. (2017) discovered that
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FIGURE 9 | Suppression of breast cancer cell growth and motility through miR-125b-2-3p expression. (A) Expression levels of miR-125b-2-3p examined in
MDA-MB-231-IV2-1 cells after miR-125b-2-3p mimics transfection (real-time PCR). (B) Colony formation ability examined and quantified in MDA-MB-231-IV2-1 cells
with or without miR-125b-2-3p overexpression. (C) Cell proliferation of MDA-MB-231-IV2-1 cells assessed after miR-125b-2-3p transfection for various time
periods. (D) Invasion capability assessed using the transwell assay in MDA-MB-231-IV2-1 cells transfected with miR-125b-2-3p and the scramble control. The cell
images of a representative experiment are displayed. The values quantified using Ascent are in the graph. Data are reported as the numbers of invading cells relative
to the controls (means ± SD). All experiments were carried out in triplicate. Using Student’s t-test to analyze our data and p < 0.05 was considered significant
(*p < 0.05, **p < 0.01, and ***p < 0.001).

LOC550643 was highly expressed in nasopharyngeal carcinoma
(NPC) and greatly associated with distant metastasis in patients
with NPC. The researchers also observed that male patients
with NPC had a higher tendency to express LOC550643 than
did female patients with NPC. Yang et al. (2017) suggested
that high expression levels of LOC550643 may act as a
crucial role in NPC progression and its expression levels may
use as a potential prognostic biomarker in NPC patients.
Zhai et al. (2020) reported that high LOC550643 expression
contributed to pancreatic cancer progression by enhancing
KRAS expression. Furthermore, LOC550643 knockdown could
suppress pancreatic cancer cell growth and invasion capability
through releasing miR-494-3p sponging. Relevant studies have
also investigated the role of LOC550643 in thyroid cancer,
revealing significantly higher levels of LOC550643 expression in
thyroid cancer cells and that LOC550643 knockdown inhibited
cancer cell growth by impairing cell cycle progression (Luo
et al., 2020). By contrast, Konina et al. (2019) reported an
opposite role, in which LOC550643 inhibited melanoma cell

migration ability but did not influence cell growth. An increasing
number of studies have revealed that LOC550643 is frequently
overexpressed in human cancer cells and plays an oncogenic
role in modulating cancer growth and metastasis. However,
LOC550643 expression might also suppress tumors in different
cancer types, such as melanoma.

Our data indicate that LOC550643 knockdown could suppress
breast cancer cell proliferation by inducing cell cycle arrest in
the S phase. The S phase (synthesis phase) is the part of the
cell cycle in which DNA is replicated. The central machines
that promote cell cycle progression are cyclin-dependent kinases
(CDKs). Cyclin-binding enables inactive CDKs to become active
(Barnum and O’Connell, 2014). Two types of cyclin are crucial
for mitosis in animal cells: cyclin A, which is known mainly
for its role in the S phase, in which it has been implicated
in DNA replication, and cyclin B (De Boer et al., 2008; Gavet
and Pines, 2010). In eukaryotes, cyclin B/CDK1 is essential for
both entry and progression through mitosis (Gavet and Pines,
2010). Cyclin A/CDK2 expression is elevated at the onset of the
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S phase, and further activation occurs early in the G2 phase
to regulate G2 phase progression (De Boer et al., 2008). CDK2
is considered a key CDK in the control of DNA replication
in the S phase, even though CDK1 can compensate if CDK2
is disabled (Santamaría et al., 2007). Our data indicate that
LOC550643 knockdown resulted in lower cyclin B1, cyclin A2,
and CDK2 protein levels in MDA-MB-231-IV2-1 cells and
inhibited cell growth via promoting cell cycle arrest at the S
phase. In addition, the current study indicated that LOC550643
can sponge miR-125b-2-3p through direct interaction in breast
cancer cells. Through a bioinformatics analysis, Shi et al. (2018)
suggested that cyclin A2 is a potential target of miR-125b-2-
3p. However, few studies have reported that miR-125b-2-3p
contributes to cancer progression. Murray et al. (2014) revealed
that serum levels of miR-125a-3p and miR-125b-2-3p increased
before chemotherapy and subsequently decreased early following
treatment in patients with pleuropulmonary blastoma (PPB).
According to these results, miR-125b-2-3p may be useful as a
serum biomarker for the early detection of PPB in patients with
known germline DICER1 mutations and for potential disease
monitoring in patients with PPB (Murray et al., 2014). In
addition, Lu et al. (2018) reported that miR-125b-2-3p sensitized
colorectal cancer (CRC) to first-line chemotherapeutic therapy.
Furthermore, the two-miRNA-based signatures (miR-125b-2-3p
and miR-933) were a good prognostic and predictive biomarkers
for tumor progression in advanced CRC, and they could be useful
for providing standard first-line chemotherapy to patients with
CRC (Lu et al., 2018). Meng et al. (2020) reported that high
miR-125b-2-3p expression was correlated with metastasis and
poor survival in patients with clear cell renal cell carcinoma.
However, the biological function of miR-125b-2-3p in human
cancer cells remains unknown. We identified that miR-125b-2-
3p can suppress cell proliferation, colony formation, migration,
and invasion capability in human breast cancer cells.

In summary, we identified a novel lncRNA, LOC550643, which
acts as an oncogene in promoting breast cancer cell growth and
metastasis. We also revealed that LOC550643 expression can
serve as a useful molecular biomarker for cancer diagnosis and
as a potential therapeutic target for patients with breast cancer.
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Supplementary Figure 1 | Comparison of MDA-MB-231-P and
MDA-MB-231-IV2-1 transcriptome profiles. (A) Results of differentially expressed
protein-coding genes with twofold change (2926 upregulated and 2989
downregulated) in MDA-MB-231-IV2-1 cells compared with MDA-MB-231-P cells.
(B) Scatter plot of total gene expressions in MDA-MB-231-P versus
MDA-MB-231-IV2-1. (C) Gene ontology analysis of the twofold change in the
protein-coding gene list revealing a significant enrichment in cell
motility–related function.

Supplementary Figure 2 | Kaplan–Meier analysis of the 52
metastasis-associated lncRNAs from TCGA data. Upper panel indicates the
hazard ratio, and the lower panel is the log(p value). The log(p value) of <–1.3 is
significant and marked in red (p < 0.05).

Supplementary Figure 3 | Identification of the LOC550643 gene structure in
breast cancer cells by using RACE. (A) Genomic location of the LOC550643 in
the UCSC human genome database (upper panels). EST transcripts are in the
lower panel. (B) Identification of the full length of LOC550643 through 3′ and 5′

RACE. (C) Three transcripts of alternative splicing variants. (D) Three LOC550643
isoforms aligned using a multiple alignment tool (http://www.ebi.ac.uk/Tools/
msa/clustalo/).

Supplementary Figure 4 | Expression levels and knockdown efficiency of
LOC550643 assessed in human breast cancer cells. (A) Expression levels of
LOC550643 assessed in human breast cancer cell lines by real-time PCR.
(B) Schema of interaction sites of the two siRNA (si-LOC550643#301 and
si-LOC550643#543) sequences designed for LOC550643 knockdown. (C) After
48 h of individual siRNA of transfection (si-LOC550643#301, si-LOC550643#543,
and N.C control) into MDA-MB-231-IV2-1 cells, LOC550643 expression levels
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were examined using real-time PCR. Mock indicated a non-transfection control.
The efficiency of si-LOC550643#301, si-LOC550643#543 LOC550643
knockdown and mock was evaluated through comparisons with the control group.

Supplementary Figure 5 | Expression levels of miRNA candidates assessed in
human breast cancer cells from TCGA database. The expression levels of (A)
miR-29b-5p, (B) miR-34b-3p, (C) miR-125b-2-3p, and (D) miR-629-3p were

assessed in breast cancer tissue samples (n = 778) compared with adjacent
normal tissue samples (n = 87; TCGA database).

Supplementary Figure 6 | (A) Impacts of miR-125b-2-3p expression on the OS
of patients with breast cancer. (B) Combination of LOC550643 and
miR-125b-2-3p expression levels was correlated with the survival curve of patients
with breast cancer.
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As the most abundant internal modification in eukaryotic cells, N6-methyladenosine
(m6A) in mRNA has shown widespread regulatory roles in a variety of physiological
processes and disease progressions. Circular RNAs (circRNAs) are a class of covalently
closed circular RNA molecules and play an essential role in the pathogenesis of
various diseases. Recently, accumulating evidence has shown that m6A modification
is widely existed in circRNAs and found its key biological functions in regulating circRNA
metabolism, including biogenesis, translation, degradation and cellular localization.
Through regulating circRNAs, studies have shown the important roles of m6A
modification in circRNAs during immunity and multiple diseases, which represents a new
layer of control in physiological processes and disease progressions. In this review, we
focused on the roles played by m6A in circRNA metabolism, summarized the regulatory
mechanisms of m6A-modified circRNAs in immunity and diseases, and discussed the
current challenges to study m6A modification in circRNAs and the possible future
directions, providing a comprehensive insight into understanding m6A modification of
circRNAs in RNA epigenetics.

Keywords: N6-methyladenosine, circular RNAs, metabolism, immunity, diseases

INTRODUCTION

Epigenetic modifications in RNA have been found to play important regulatory roles in a
variety of physiological processes and disease progressions. To date, over 160 types of chemical
modifications have been identified in RNA molecules, such as N6-methyladenosine (m6A), 5-
methylcytosine (m5C), N1-methyladenosine (m1A), 5-hydroxymethylcytosine (5hmC), N6, 2′-
Odimethyladenosine (m6Am), 7-methylguanine (m7G), and so on (Roundtree et al., 2017a; Frye
et al., 2018). Among them, m6A has been considered as the most abundant internal modification
in RNA, which was discovered from methylated nucleosides in mRNA of Novikoff hepatoma
cells in the early 1970s (Desrosiers et al., 1974; Roundtree et al., 2017a). With the development
of next-generation sequencing and bioinformatics, a large number of m6A modifications in the
transcriptome were discovered and annotated, including mRNAs and non-coding RNAs (Zhou
et al., 2017; Frye et al., 2018; He et al., 2020; Sekar and Lakshmanan, 2020; Zhu et al., 2020).
In mRNA, the m6A modification has been extensively studied and reviewed by several excellent
reviews (Roundtree et al., 2017a; Zaccara et al., 2019; Zhu et al., 2020; Jiang et al., 2021).
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Up to now, accumulating evidence has demonstrated that
circular RNAs (circRNAs) play important roles in the occurrence,
development and prognosis of various diseases, such as
cardiovascular diseases (Aufiero et al., 2019; Zhang and Huang,
2020), immune diseases (Chen X. et al., 2019), tumors (Meng S.
et al., 2017), skin diseases (Wu et al., 2020), and so on. However,
the regulatory role of m6A in circRNAs remains unclear. It was
not until 2017 that circRNAs were found to be modified by m6A
(Zhou et al., 2017). Based on the important roles of m6A in
RNA epigenetic modifications, predictably and rapidly, a large
number of recent studies have demonstrated that m6A acts as a
key regulator to affect circRNAs functions, thereby participating
in development and disease progressions. Therefore, in this
review, we focused on the roles of m6A modification in
circRNAs during circRNA metabolism and discussed their
biological consequences in human development and diseases
based on current studies. Importantly, this review will provide a
comprehensive understanding of m6A in circRNA biology.

BIOGENESIS, CHARACTERISTICS AND
FUNCTIONS OF circRNAS

circRNAs are a class of covalently closed circular RNA molecules
that lack 5′ caps and 3′ tails, which were discovered in the
1970s (Hsu and Coca-Prados, 1979; Chen and Yang, 2015). In
a long time afterward, they were thought to be byproducts
of splicing (Sanger et al., 1976; Panda et al., 2017). In recent
years, a large number of circRNAs have been discovered and
annotated with the development of next-generation sequencing
technologies and bioinformatic approaches (Xia et al., 2017).
The circRNAs are mainly generated by the back-splicing of pre-
mRNAs. Currently, three mechanisms were proposed regarding
the biogenesis of circRNAs, namely lariat-driven circularization
(Zaphiropoulos, 1996; Jeck et al., 2013), intron pairing-driven
circularization (Jeck et al., 2013; Zhang et al., 2014; Ivanov et al.,
2015) and RBP-driven circularization (Conn et al., 2015; Kramer
et al., 2015). In addition, circRNAs are also generated by pre-
transfer ribonucleic acid (tRNA), and pre-ribosomal ribonucleic
acid (rRNA) molecules (Zhang et al., 2017). According to their
origin, the formed circRNAs can be classified into four categories
(Zhang et al., 2017): intronic circRNAs (CiRNAs), exon-intron
circRNAs (EIciRNAs), exonic circRNAs (EcRNAs), and others
(such as the circRNAs that are derived from tRNA and rRNA).

circRNAs were expressed widely in tissue, cell, and
developmental stage-specific manners (Memczak et al., 2013;
Nicolet et al., 2018) and existed in most mammals (Memczak
et al., 2013), plants (Wang et al., 2014), and virus (Nahand et al.,
2020). For example, in human heart, about 9% of the expressed
genes can produce circRNAs (Aufiero et al., 2018), while in
brain, 20% of the genes can produce circRNAs (Rybak-Wolf
et al., 2015). In addition, different circular junctions can be
generated from the same gene (Nicolet et al., 2018). These
discoveries indicated the important regulatory roles of circRNAs.
Another characteristic is that circRNAs are more stable than
the linear RNAs and have long half-lives than 48 h (Jeck et al.,
2013). Due to the covalently closed circular structure without 5′

caps and 3′ tails, circRNAs can resist the foreign chemicals or
exonucleases (Jeck et al., 2013; Aufiero et al., 2019). Therefore,
despite the low expression level, circRNAs can be accumulated to
the relatively high levels.

A large number of studies have revealed the functions
of circRNAs. (1) microRNA (miRNA) sponges. Cytoplasmic
circRNAs can bind specific miRNAs by miRNA response
elements to prevent the interplays with target mRNAs (Thomson
and Dinger, 2016; Cheng et al., 2019). (2) Interaction with
proteins. Some circRNAs that contain protein binding sites
have the protein binding abilities to regulate their activity and
localization (Du W. W. et al., 2016; Barbagallo et al., 2019). (3)
Templates for protein synthesis. Due to the lack of 5′-end, the
translation of circRNAs only is initiated by the cap-independent
mechanisms. This function of circRNAs will be discussed in detail
in following section. (4) Regulation of gene transcription. Some
circRNAs located in nucleus, such as circ-EIF3J and circ-PAIP2,
can combine with the U1 snRNP to further interact with RNA Pol
II and enhance the expression of their parental genes in HeLa and
HEK293 cells (Li et al., 2015).

m6A MODIFICATION OF circRNA

Widely Existed m6A Modification of
circRNAs
Through depletion of rRNA, treatment with RNase R to digest
linear RNAs and m6A-modified RNA immunoprecipitation
sequencing (MeRIP-seq), m6A modification of circRNAs has
been found to exist widely. In plant, Wang et al. (2020)
found that about 10% of the EcRNAs contained m6A sites in
moso bamboo. In human embryonic stem cells (hESCs) and
HeLa cells, Zhou et al. (2017) identified 1,404 m6A circRNAs
and 987 m6A circRNAs, respectively, and they found that
m6A circRNAs were expressed in cell-type-specific methylation
patterns. In a rat model of hypoxia mediated pulmonary
hypertension (HPH), Su et al. (2020) identified 1130 m6A
circRNAs in total. In the lens epithelium cells from age-related
cataract (ARC), Li et al. (2020) identified 4876 m6A peaks
within circRNAs. Besides, in HPH, 80% of m6A circRNAs
were derived from protein-coding genes, while in ARC, over
70% of circRNAs were derived from sense overlapping. These
studies suggested that m6A modification of circRNAs was
widely existed and might play important roles in diseases. In
addition, the m6A sites in circRNAs may be distinct from
the corresponding mRNAs. In hESCs cells, Zhou et al. (2017)
reported that 33% of m6A circRNAs were produced from
genes that encode m6A mRNAs methylated on different exons,
while 26% of m6A circRNAs were produced from genes that
encode mRNAs without detectable m6A modification (Zhou
et al., 2017). Another phenomenon is that m6A sites in mRNAs
are most common in the last exon (Meyer et al., 2012),
while circularization of the last exon of genes is uncommon
(Zhang et al., 2014). These evidence suggested that circRNAs
exhibit the patterns of m6A modification that are distinct
from those of mRNAs.
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m6A Regulators of circRNA
As the most abundant mRNA internal modification, the
functions of m6A on mRNA are mediated through three
homologous factors (Zaccara et al., 2019), namely so called
“writers” (methyltransferase), “erasers” (demethylase), and
“readers” (recognition). In circRNAs, m6A modification was
found to be written, read and erased by the same regulators with
mRNA (Zhou et al., 2017).

m6A Writers
The m6A is installed by a multi-subunit complex (Zaccara
et al., 2019). This complex consists of two core components
(methyltransferase-like 3 protein (METTL3) and METTL14) and
other accessory regulatory subunits [Wilm’s tumor-1-associated
protein (WTAP), VIRMA (Virilizer), E3 ubiquitin-protein ligase
HAKAI, RNA recognition motif 15/15B (RBM15/15B), Zinc
finger CCCH domain-containing protein 13 (ZC3H13)] (Zaccara
et al., 2019; Gu et al., 2021; Jiang et al., 2021). METTL3 is
the catalytic core of the multi-subunit complex (Bokar et al.,
1997; Liu et al., 2014). METTL14 contains the RNA-binding
site and is an allosteric activator of the enzymatic activity of
METTL3 (Liu et al., 2014; Zaccara et al., 2019). WTAP is
essential for m6A formation and it is responsible for localizing
METTL3–METTL14 heterodimers to transcription sites (Ping
et al., 2014). VIRMA may modulate region-selective methylation
of sites in 3′ UTR and location near stop codons (Yue et al.,
2018). RBM15/15B are the mediators of methylation specificity,
which facilitate the recruitment of the writer complex to specific
sites (Patil et al., 2016; Zaccara et al., 2019). ZC3H13 is a WTAP
interactor, which acts as a bridge between RBM15 and WTAP
(Knuckles et al., 2018). HAKAI functions as an E3 ubiquitin
ligase, which was first identified in the WTAP interaction
proteome (Horiuchi et al., 2013). Deletion of HAKAI results
in a partial reduction in global m6A levels (Růžička et al.,
2017). Notably, METTL16 is the new identified methyltransferase
that can regulate S-adenosylmethionine homeostasis and can
methylate long non-coding RNA and U6 small nuclear RNA
(Brown et al., 2016; Pendleton et al., 2017; Warda et al., 2017).
Currently, only few m6A residues in poly(A) RNA were found to
be catalyzed by METTL16 (Brown et al., 2016; Pendleton et al.,
2017; Warda et al., 2017).

m6A Erasers
m6A is a reversible process, which can be removed by
demethylases. There are two demethylases, namely obesity-
associated protein (FTO) and AlkB homolog 5 (ALKBH5). Both
of them belong to the α-ketoglutarate-dependent dioxygenase
AlkB-like superfamily and they remove m6A through Fe2+ and
α-ketoglutarate-dependent manner (Jia et al., 2011; Zheng et al.,
2013). Under physiological conditions, the demethylases appear
to have a limited role, indicating that they function in specific
tissues, or under specific stress and disease-relevant conditions
(Zhao et al., 2017).

m6A Readers
m6A readers are a class of RNA binding proteins, which can
recognize and bind to m6A sites, thereby resulting in different

downstream effects, such as splicing, export and translation
of m6A RNAs (Xiao et al., 2016; Roundtree et al., 2017b;
Yang et al., 2017). In YT521-B homology (YTH) domain
family, there are five m6A readers identified, namely YTHDC1,
YTHDC2, YTHDF1, YTHDF2, and YTHDF3 (Liu et al., 2015).
Among them, YTHDF1, YTHDF2, and YTHDF3 are mainly
located in the cytoplasm. YTHDC1 is mainly found in the
nucleus and YTHDC2 is located in both cytoplasm and nucleus.
YTHDC1 affects their splicing (Kasowitz et al., 2018) and export
(Roundtree et al., 2017b); YTHDC2 affects their degradation
and translation (Hsu et al., 2017); YTHDF1 promotes translation
(Wang et al., 2015); YTHDF2 promotes degradation (Du H. et al.,
2016) and YTHDF3 promotes the translation and degradation
(Shi et al., 2017). The other m6A readers include insulin-
like growth factor 2 mRNA binding proteins 1-3 (IGF2BP1-
3), heterogeneous nuclear ribonucleoprotein (HNRNP) family
(HNRNPC, HNRNPA2B1, and HNRNPG), fragile X mental
retardation protein (FMRP) and eukaryotic initiation factor 3
(eIF3). IGF2BPs can regulate gene expression by enhancing the
stability of target RNAs (Huang H. et al., 2018). FMRP can
promote nuclear export (Edens et al., 2019). eIF3 can facilitate
cap-independent translation (Meyer et al., 2015).

ROLES OF m6A IN circRNA
METABOLISM

Currently, several studies have found that m6A modification
can affect the “fate” of m6A-modified circRNAs (Figure 1),
including circRNAs biogenesis, translation, degradation and
cellular localization, indicating that m6A plays important
roles in circRNA metabolism. Through participating in
circRNA metabolism, m6A can regulate many physiological
and pathological processes. For example, during the nuclear
phase, m6A can be read by specific nuclear readers and
promote the nuclear export of circRNAs. Upon exporting to
the cytoplasm, m6A can be read by specific cytosolic reader
proteins, thereby affecting the function of circRNAs. Therefore,
this section aimed to discuss the roles of m6A in circRNA
metabolism comprehensively.

m6A and Biogenesis of circRNA
circRNA is conserved evolutionarily and is expressed in cell,
tissue and developmental stage-specific expression patterns
(Memczak et al., 2013; Hsiao et al., 2017; Nicolet et al., 2018),
suggesting that circRNAs play an important regulatory role in
different physiological and pathological processes. Therefore, it is
essential to understand the regulation regarding the biogenesis of
circRNAs. The biogenesis of circRNA is distinct from canonical
splicing, and it is generated through a back-splicing orchestrated
by the spliceosome machinery (Aufiero et al., 2019). Recently,
Tang et al. (2020) reported that m6A could promote the
biogenesis of circRNA in male germ cells. They found that,
for open reading frames (ORFs)-containing circRNAs during
murine spermatogenesis, the back splicing occurred mostly
at m6A enriched sites, while these m6A sites were usually
located around the start and stop codons in linear mRNAs. To
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FIGURE 1 | Roles of m6A in circRNA metabolism. It’s has confirmed that m6A can regulate circRNA metabolism, including circRNAs biogenesis, translation,
degradation and cellular localization. On the one hand, m6A sites located around the start and stop codons in linear mRNAs can recruit spliceosome, leading to
back splicing and circRNA production. On the other hand, m6A deposition and YTHDC1 binding to exons can regulate circularization. In the nucleus, the m6A can
bind specific nuclear reader proteins, mainly YTHDC1, which can promote the export of circRNAs. Upon circRNAs export to the cytoplasm, m6A binds to specific
reader proteins and other proteins to stabilize some mRNAs. The nuclear export of circRNAs also affects its miRNA sponges. The translation of circRNAs is only in
cap-independent translation initiation mechanisms: IRES-dependent initiation of translation and m6A-dependent initiation of translation. m6A-driven translation of
circRNA requires eIF4G2 and YTHDF3 and is enhanced by METTL3/14, inhibited by FTO. IRES-driven translation and m6A-driven translation may have interplays.
Finally, m6A-modified circRNAs are endoribonuclease-cleaved via the YTHDF2-HRSP12-RNase P/MRP axis.

further establish the cause–effect relationship between m6A and
circRNAs, Tang et al. (2020) knocked out ALKBH5 and METTL3,
respectively. After knocking out ALKBH5 in spermatogenic
cells, the m6A level was significantly increased compared with
wild-type controls. Consistently, the circRNAs abundance was
increased in Alkbh5-null spermatogenic cells. After knocking out
METTL3, they identified much fewer circRNAs. Similarly, Di
Timoteo et al. (2020) also reported that the level of circRNA
was decreased in HeLa cells after knocking out METTL3.
Interestingly, they found the consistent decrease of circ-ZNF609
after knocking out YTHDC1 in HeLa, RD, RH4, and HEK293T
cells. Further analysis found that m6A deposition and YTHDC1

binding to exons that undergo circularization were significantly
correlative, and circRNAs containing total-only m6As were
more represented among those decreasing upon depletion of
both YTHDC1 and METTL3 compared with those affected by
either METTL3 or YTHDC1 knockdown alone. These evidence
indicated that m6A regulated the biogenesis of circRNAs in
an METTL3/YTHDC1-dependent manner. In colorectal cancer,
METTL3 could increase the expression of circ1662 (Chen et al.,
2021). Therefore, based on the above evidence, we can confirm
that m6A modification can increase the biogenesis of circRNAs.
However, more detailed information is needed to understand
how m6A regulates the biogenesis of circRNAs.
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m6A and Translation of circRNA
Although circRNA is considered as non-coding RNA for a long
time, accumulating evidence has shown that some circRNAs have
protein-coding potential and can be translated (Legnini et al.,
2017; Pamudurti et al., 2017; Yang et al., 2017, 2018; Zhang et al.,
2018a,b; Liang et al., 2019). More recently, Huang et al. (2021)
reported a database, TransCirc,1 to help investigate the circRNAs
that have translation capacity. However, the mechanisms about
the translation of circRNAs remain largely unknown. As we all
know, the translation initiation of mRNA is dependent on the cap
structure of 5′-end, which contains a 7-methyl guanosine (m7G)
that can be recognized by the eukaryotic translation initiation
factor 4E (eIF4E) (Gross et al., 2003). However, circRNA is a
covalently closed RNA molecule without 5′ caps and 3′ tails
(Meng X. et al., 2017), so that circRNA is translated in cap-
independent translation initiation mechanisms. Currently, two
mechanisms are reported in translation initiation of circRNA:
internal ribosome entry site (IRES)-dependent initiation of
translation and m6A-dependent initiation of translation. IRESs
are sequences that form secondary structures on RNA and
can initiate translation through recruiting ribosomes by IRES-
transacting factors (ITAFs) in the absence of canonical translation
initiation factors (Godet et al., 2019). At first, the fact that
circRNAs can be translated is proved by IRES-driven pathway
(Chen and Sarnow, 1995). Afterward, more and more circRNAs
that can be translated by IRES-driven pathway were reported,
such as circZNF609 (Legnini et al., 2017), circMbl (Pamudurti
et al., 2017), circSHPRH (Zhang et al., 2018a), circFBXW7 (Yang
et al., 2018), circLINC-PINT (Zhang et al., 2018b), circb-catenin
(Liang et al., 2019).

Interestingly, the discovery of m6A that can initiate the
translation of circRNA expands the coding landscape of human
transcriptome (Yang et al., 2017). Yang et al. (2017) found that
the m6A-driven translation of circRNAs was widespread, with
hundreds of endogenous circRNAs having translation potential,
by the analysis of polysome profiling, computational prediction
and mass spectrometry. Mechanistically, they found that the
m6A-driven translation of circRNA required initiation factor
eIF4G2 and m6A reader YTHDF3, and was enhanced by
methyltransferase METTL3/14, inhibited by demethylase FTO
(Yang et al., 2017). When inserting a short fragment (19nt)
containing different copies of consensus m6A motifs (RRACH)
before the start codon of circRNA reporter in 293 cells, the
protein could be detected. Moreover, single m6A site has similar
translation efficiency compared to circRNA with two m6A sites
(Yang et al., 2017). These evidence suggested that m6A motif
was essential for initiating translation. In human papillomavirus
(HPV), m6A-modified circE7 could be translated to produce E7
oncoprotein (Zhao et al., 2019).

In addition to initiating the translation of circRNAs, m6A
may also regulate the translation of circRNAs (Yang et al.,
2017). For example, circZNF609 could be translated by IRES-
driven pathway (Legnini et al., 2017). A recent study reported
that two mutant at m6A sites displayed approximately 50%
reduction of circ-ZNF609 translation (Di Timoteo et al., 2020).

1https://www.biosino.org/transcirc/

Further analysis found that m6A regulated its translation
through recognition by YTHDF3 and eIF4G2 (Di Timoteo
et al., 2020). This study suggested that the two cap-independent
translation of circRNA might have interplays. However, the
relationships between the two cap-independent translations need
further investigations.

In mRNAs, studies have shown that m6A regulates their
translation under stress response (Zhou et al., 2015, 2018). Yang
et al. (2017) found that m6A-mediated circRNA translation was
increased under the heat shock condition and its mechanism
might be the translocation of YTHDF2 from cytosol into nucleus
upon heat shock to block the m6A “eraser” FTO (Zhou et al.,
2015; Yang et al., 2017). These evidence suggested that m6A-
mediated circRNA translation played important roles in cellular
stress response. In the future, to broaden our understanding
regarding the significance of circRNA translation in the specific
conditions, it is essential to explore the conditions that affect the
m6A-mediated circRNA translation.

m6A and Degradation of circRNA
Due to the covalently closed circular structure without 5′ caps and
3′ tails, circRNAs can resist the foreign chemicals or exonucleases
(Jeck et al., 2013; Aufiero et al., 2019). Therefore, circRNAs are
more stable than the linear RNAs and are not degraded readily by
RNase R, resulting in their long half-lives exceeding 48 h (Jeck
et al., 2013; Suzuki and Tsukahara, 2014). Thus, there are few
studies that reported the degradation of circRNA.

Hansen et al. (2011) reported that circRNAs with near
perfect complementary miRNA target sites could be degraded
in an Ago2-slicer-dependent manner. Ago2 is a member of
the Argonaute protein family, which is important for RNA
interference (Suzuki and Tsukahara, 2014) and can mediate
the degradation of circRS-7 (Hansen et al., 2011). However,
only a few circRNAs have miRNA sponge function or specific
miRNA target sites. Jia et al. (2019) found that the depletion of
GW182 (a key component of the P-body and RNA interference
machine) could lead to the accumulation of endogenous circular
transcripts. However, the depletion of other P-body components
or RNAi complex factors did not have similar effects. So, there are
more studies to explain this phenomenon.

A recent study reported that m6A-containing circRNAs could
be degraded through YTHDF2–HRSP12–RNase P/MRP axis
(Park et al., 2019). Mechanistically, human heat-responsive
protein 12 (HRSP12) acted as an adaptor protein that linked
YTHDC2 and RNase P/MRP to form YTHDF2-HRSP12-RNase
P/MRP complex. Notably, after downregulating the expression
YTHDF2, HRSP12, or POP1, Park et al. (2019) observed
only three out of all tested 11 circRNAs commonly increased,
indicating that this mechanism could only cleave a subset of
m6A-containing circRNAs.

m6A and Cellular Localization of circRNA
As we all know, a large number of circRNAs function in
cytoplasm, such as miRNA sponges (Thomson and Dinger,
2016). Thus, it is essential to understand how the circRNAs
export from the nucleus to the cytoplasm. Huang C. et al.
(2018) found that Drosophila Hel25E and its human homologs,
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UAP56/URH49, could regulate circRNAs localization and control
the efficiency of nuclear export by measuring the lengths of
mature circRNAs. Chen et al. (2021) reported that YTHDC1
could bind to the m6A motif GAACU of circNSUN2 and facilitate
circNSUN2 export from the nucleus to the cytoplasm, further
promote colorectal liver metastasis by stabilizing HMGA2 (Chen
R. X. et al., 2019). In addition, the m6A-modified circ1662 could
bind to YAPI and accelerate its nuclear transport (Chen et al.,
2021). However, more studies are required to investigate the
details that m6A regulates the cellular localization of circRNAs.

m6A circRNAS AND IMMUNITY

m6A in mRNA can control various aspects of immunity,
including immune recognition, activation of innate and adaptive
immune responses (Shulman and Stern-Ginossar, 2020).
However, its roles in circRNA immunity are unknown. Several
recent studies have discovered that m6A can also control
circRNA immunity (Figure 2), including the roles in innate
immune and anti-tumor immunity.

The innate immune system relies on pattern recognition
receptors (PRRs) recognizing pathogen associated molecular
patterns (PAMPs) to recognize “non-self ” (Reikine et al., 2014;
Wu and Chen, 2014). The PRRs, such as RIG-I and MDA5,
can sense foreign nucleic acids. MDA5 can detect long double-
stranded RNA (dsRNA) and RIG-I can recognize 5′ triphosphate
on short dsRNAs (Schlee, 2013; Reikine et al., 2014; Wu and
Chen, 2014). Reportedly, some exogenous circRNAs can activate
antiviral and immune gene expression (Chen et al., 2017), while
some endogenous circRNAs can inhibit protein kinase R and set
the threshold for innate immunity upon virus infection (Liu et al.,
2019). However, the mechanisms that the innate immune system
recognizes self and non-self circRNAs remain unclear. Chen et al.
(2021) found that m6A can mark circRNA as “self ” and these
endogenous circRNAs inhibited innate immune responses (Chen
Y. G. et al., 2019). This immunosuppression was mediated by
binding to YTHDF2 directly and inhibiting RIG-I activation.
In addition, exogenous circRNAs activated innate immunity
by directly binding RIG-I and K63-polyubiquitin chain and
they together formed a three-component signaling-competent
complex for immune signaling (Chen Y. G. et al., 2019). These
evidence suggested that, for human circRNAs, m6A modification
was essential for the recognition function of innate immunity.

Besides participating in the recognition of innate immunity,
m6A-modified circRNAs can inhibit the tumor growth by
inducing anti-tumor immunity. Chen et al. (2021) reported
that circFOREIGN could induce CD8+ T cell responses, and
after receiving circFOREIGN, the growth of tumor in mice
model was lower than the negative control, indicating that
circFOREIGN would can induce adaptive immunity against
OVA-expressing tumors. Notably, Li et al. (2021) reported that
the immune responses induced by m6A-modified circNDUFB2
could inhibit NSCLC progression. The overexpression of
circNDUFB2 markedly inhibited the tumorigenicity of LLC1
cells (a murine lung carcinoma cell line) in vivo, and the
level of IFN-β in serum was significantly increased in the

mice with circNDUFB2-overexpressed LLC1 cells. Moreover,
the infiltration of CD8+ T cells and DCs in the tumor tissues
were significantly increased. These results suggested that m6A-
modified circNDUFB2 inhibited tumor progression by activating
anti-tumor immunity. However, more studies are needed to
explore the roles of m6A modification in circRNAs in the field
of tumor immunity.

These evidence demonstrated the roles of m6A modification
in circRNAs during recognizing innate immunity and inducing
anti-tumor immunity, but major knowledge gaps in field of
immunity remain to be filled, such as its specific roles in different
immune diseases and immune cells.

m6A circRNA AND DISEASES

Although it was not until 2017 that circRNAs were found to
be modified by m6A, many studies have shown that m6A
modification of circRNAs plays important roles in physiological
processes and disease progressions (Figure 3), such as tumors
(Chen R. X. et al., 2019; Chen et al., 2021; Li et al., 2021), acute
coronary syndrome (Guo et al., 2020), pulmonary hypertension
(Su et al., 2020), and age-related cataract (Li et al., 2020). In this
section, we focused on the roles of m6A-modified circRNAs in
physiological processes and disease progressions.

m6A circRNA and Tumor
m6A modification of circRNAs has been shown to be involved
in the progression of many tumors. In patients with colorectal
carcinoma (CRC), metastasis is the overwhelming cause of
death, and the liver is the most frequent distant metastatic site
(Hofheinz and Stintzing, 2019). Recently, Chen R. X. et al. (2019)
reported a novel metastatic mechanism to liver of CRC. First,
YTHDC1 binds to the m6A motif of circNSUN2 and facilitates
circNSUN2 export from the nucleus to the cytoplasm. Next,
IGF2BP2 binds to the CAUCAU motif of circNSUN2 through
the KH3-4 di-domain and the AAACA site inside of circNSUN2
can directly bind to the 3′UTR of HMGA2 with AU-Rich
Elements, ultimately forming circNSUN2/IGF2BP2/HMGA2
RNA-protein ternary complex to stabilize HMGA2 mRNA,
thereby promoting colorectal liver metastasis. This study
provided the comprehensive evidence that m6A modification of
circRNAs may contribute to cancer therapy (He et al., 2021).
Another study found that m6A could increase the expression of
circ1662 in CRC and circ1662 directly bound to yes-associated
protein 1 (YAP1) and accelerated its nuclear accumulation to
regulate the SMAD3 pathway, thereby promoting the invasion
and migration of CRC cells (Chen et al., 2021).

In Hepatitis B virus (HBV)-associated hepatocellular
carcinoma (HCC), circARL3 was upregulated in HBV positive
HCC tissues and knockdown of circARL3 inhibited the
proliferation and invasion of HBV + HCC cells (Rao et al.,
2021). Rao et al. (2021) found that HBx protein could upregulate
the expression of METTL3, increasing the m6A modification of
circARL3. m6A-modified circARL3 can be read by YTHDC1 and
regulate its biogenesis. Finally, circARL3 promoted HBV + HCC
progression by sponging miR-1305.
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FIGURE 2 | Roles of m6A-modified circRNAs in immunity. m6A can mark “self” circRNAs and these endogenous circRNAs inhibite innate immune responses,
whereas exogenous circRNAs can activate innate immunity by activating RIG-I in the presence of K63-polyubiquitin. In tumor immunity, circRNAs may inhibit tumor
progression by inducing anti-tumor immunity.

In non-small cell lung cancer (NSCLC), circNDUFB2
was downregulated and elevated circNDUFB2 could
inhibit growth and metastasis of NSCLC cells (Li et al.,
2021). circNDUFB2 functions as a scaffold to enhance the
interaction between TRIM25 and IGF2BPs and can from a
TRIM25/circNDUFB2/IGF2BPs ternary complex. By the way,
TRIM25 is an RNA-binding protein and belongs to the Tripartite
Motif (TRIM) family of E3 ubiquitin ligases, which catalyzes the
addition of polyubiquitin chains to its substrates for degradation
(Lee et al., 2018). This ternary complex facilitates ubiquitination
and degradation of IGF2BPs during NSCLC progression.
m6A modification of circNDUFB2 can enhance this effect by
regulating the interactions between circNDUFB2 and IGF2BPs.
In addition, circNDUFB2 participates in the activation of
anti-tumor immunity during NSCLC progression by activating
the RIG-I–MAVS pathway (Li et al., 2021), indicating that
circNDUFB2 inhibits NSCLC progression in a dual-role pattern.

In cervical cancer, Zhou et al. (2017) identified a large number
of m6A-modified circRNAs in HeLa cells, indicating that m6A-
modified circRNAs may play an important regulatory role in
cervical cancer. As we all know, human papillomavirus (HPV)
infection is the main cause that leads to the occurrence of
cervical cancer (Chibwesha and Stringer, 2019). Zhao et al. (2019)
reported that HPV could generate the circE7, which was an
oncoprotein-encoding circRNA. circE7 is m6A-modified and can
be translated to produce E7 oncoprotein in an m6A-independent
manner. Specific disruption of circE7 can reduce E7 protein levels
in CaSki cervical carcinoma cells and can inhibit cancer cell
growth both in vitro and in tumor xenografts.

In poorly differentiated gastric adenocarcinoma (PDGA),
Zhang et al. (2020) identified 20 differentiated expressed
m6A-modified circRNAs by SRAMP analysis, m6A-
immunoprecipitation and real-time quantitative PCR. They
found that the trend of m6A modification alteration was mainly
consistent with the expression level of circRNAs. However, the
roles of these m6A-modified circRNAs in PDGA remain unclear
and need to be explore extensively.

In human ameloblastoma, Niu et al. (2020) investigated the
global m6A modification, including in mRNAs, lncRNAs and
circRNAs. They found 3,673 differentially methylated m6A sites
in mRNAs, 4,975 differentially methylated m6A sites in lncRNAs
and 364 differentially methylated m6A sites within circRNAs.
Although a global data of m6A in ameloblastoma was provided,
their roles and the relationships among these m6A-modified
mRNAs, lncRNAs and circRNAs need to be further explored.

Based on the above analysis, we can confirm that m6A
modification of circRNAs plays critical roles in occurrence,
development and metastasis of tumors. Of note, besides
the above roles, m6A modification of circRNAs is also
related to resistance of chemotherapy and radiotherapy. In
sorafenib-resistant HCC, m6A could increase the expression
of circRNA-SORE and increased circRNA-SORE sequestered
miR-103a-2-5p and miR-660-3p by acting as a miRNA sponge,
thereby competitively activating the Wnt/β-catenin pathway and
inducing sorafenib resistance (Xu et al., 2020). In hypopharyngeal
squamous cell carcinoma (HPSCC), m6A could stabilize
the expression of circCUX1 and knocking down circCUX1
promoted the sensitivity of hypopharyngeal cancer cells to
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FIGURE 3 | Roles of m6A-modified circRNAs in diseases. It has confirmed that m6A modification of circRNAs plays important roles in the occurrence and
development of human diseases. In tumors, m6A-modified circRNAs are not only involved in their occurrence, development and metastasis, but also in the
resistance of chemotherapy and radiotherapy by regulating the metabolism and functions of circRNAs. In acute coronary syndrome, IRF-1 facilitates macrophage
pyroptosis and inflammation by inhibiting m6A-modified circ_0029589, thereby promoting the formation of necrotic core. In hypoxia mediated pulmonary
hypertension, m6A may affect the interaction between circRNAs and miRNAs to participate in its development. In age-related cataract, many differentially expressed
m6A-modified circRNAs are identified, but the specific roles remain unclear.

radiotherapy. Mechanistically, circCUX1 bound to caspase1
and inhibited its expression, leading to a decrease in the
release of inflammatory factors, thereby developing tolerance to
radiotherapy (Wu et al., 2021). As a key inflammation-related
molecule, caspase1 can affect the occurrence, development,
invasion, and metastasis of tumors by regulating the tumor
inflammatory microenvironment (Hu et al., 2010), and caspase-
1 actively induced tumor cell programmed death and anti-
tumor immune surveillance (Zitvogel et al., 2012). Therefore,

these evidence provided the new insights into understanding the
resistant to radiotherapy.

m6A circRNA and Acute Coronary
Syndrome
Reportedly, macrophage death plays a key role in promoting
the formation of necrotic core and plaque disruption in late
atherosclerotic lesions (Hizir et al., 2017; Xu et al., 2018;
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TABLE 1 | m6A-modified circRNAs as the potential therapeutic target of different diseases based on current reports.

Target Disease types Expression Function References

circNSUN2 CRC Up Stabilize HMGA2 mRNA, and promote colorectal liver metastasis. Chen R. X. et al., 2019

circ1662 CRC Up Bind to YAP1 and accelerate its nuclear accumulation to regulate the
SMAD3 pathway.

Chen et al., 2021

circARL3 HBV + HCC Up Sponge miR-1305 and promote HBV + HCC progression. Rao et al., 2021

circNDUFB2 NSCLC Down (1) Function as a scaffold to enhance the interaction between TRIM25 and
IGF2BPs, from a TRIM25/circNDUFB2/IGF2BPs ternary complex and
facilitate ubiquitination and degradation of IGF2BPs. (2) Participate in the
activation of anti-tumor immunity by activating the RIG-I–MAVS pathway

Li et al., 2021

circE7 Cervical cancer Up Can be translated to produce E7 oncoprotein and promote the growth of
cervical cancer.

Zhao et al., 2019

circRNA-SORE Sorafenib-resistant HCC Up Sponge miR-103a-2-5p and miR-660-3p, thereby competitively activating
the Wnt/β-catenin pathway and inducing sorafenib resistance.

Xu et al., 2020

circCUX1 Radiotherapy-resistant HPSCC Up Bind to caspase1 and inhibit its expression, leading to a decrease in the
release of inflammatory factors.

Wu et al., 2021

circ_0029589 ACS Down Decrease caspase-1 activity. Guo et al., 2020

circXpo6 HPH Up Sponge miRNA. Su et al., 2020

circTmtc3 HPH Up Sponge miRNA. Su et al., 2020

CRC, colorectal carcinoma; HCC, hepatocellular carcinoma; HBV, Hepatitis B virus; NSCLC, non-small cell lung cancer; HPSCC, hypopharyngeal squamous cell
carcinoma; ACS, acute coronary syndrome; HPH, hypoxia mediated pulmonary hypertension; YAP1, yes-associated protein 1; HMGA2, high mobility group AT-hook
2; TRIM25, Tripartite Motif 25; SMAD3, SMAD family member 3; RIG-I, retinoic acidinducible gene-I; MAVS, mitochondrial anti-viral signaling protein; IGF2BPs, insulin-like
growth factor 2 mRNA-binding proteins.

Guo et al., 2019). Pyroptosis is a newly identified inflammatory
programmed cell death with the activation of caspase-1 and
the consequent release of inflammatory cytokines (Liu et al.,
2016), and has been found to have a strong correlation with
ox-LDL-induced human macrophage death and aggravates the
instability of atherosclerotic lesions (Yan et al., 2016; Martinet
et al., 2019). Guo et al. (2019) found that IFN regulatory factor
(IRF)-1 could activate ox-LDL-induced macrophage pyroptosis
in atherosclerosis (AS) and acute coronary syndrome (ACS).
However, the underlying mechanism is unknown. A recent
study found that the expression of hsa_circ_0029589 was
significantly decreased in ACS and the relative m6A level of
circ_0029589 was obviously elevated (Guo et al., 2020). Inhibition
of IRF-1 obviously induced the expression of circ_0029589 and
reduced the m6A level of circ_0029589, and knocking down
the expression of METTL3 markedly increased circ_0029589
expression and decreased the m6A level of circ_0029589 and
caspase-1 activity in AS and ACS (Guo et al., 2020). These
results suggested that IRF-1 facilitated macrophage pyroptosis
and inflammation in ACS by inhibiting circ_0029589 through
promoting its m6A modification.

m6A circRNA and Pulmonary
Hypertension
Pulmonary hypertension is a lethal disease and hypoxia mediated
pulmonary hypertension (HPH) belongs to group III pulmonary
hypertension, which is induced by chronic hypoxia (Pugliese
et al., 2015; Galiè et al., 2016). To investigate the significance of
m6A circRNAs in HPH, Su et al. (2020) analyzed transcriptome-
wide map of m6A circRNAs in a rat model by high-throughput
m6A and circRNAs sequencing. They found that m6A abundance
in circRNAs was significantly reduced under hypoxia in vitro
and m6A-modified circXpo6 and circTmtc3 might be involved

in HPH through regulating Wnt and FoxO signaling pathways
by influencing the interactions between circRNAs and miRNAs.
However, there are more evidence to explore the roles of m6A-
modified circXpo6 and circTmtc3 in HPH and their bindings to
miRNAs need to be validated by dual-luciferase reporter assay.

m6A circRNA and Age-Related Cataract
Age-related cataract (ARC) is one of the leading causes of vision
impairment and accounts for the majority of senile blindness
worldwide (Khairallah et al., 2015). However, the pathogenesis
of ARC remains unclear. A recent study found that there are
a lot of m6A circRNAs in the lens epithelium cells from the
patients with ARC (Li et al., 2020). The level of m6A abundance
in total circRNAs was decreased compared with the controls and
ALKBH5 was significantly upregulated in ARCs. The authors
predicted the potential functions of m6A modified circRNAs
and found the relevant pathways that may be associated with
m6A modified circRNAs. These results indicated that m6A
modification of circRNAs may play an important role in ARC.
However, a large number of studies are needed to investigate their
roles and validate the predicted the potential functions of m6A
modified circRNAs.

Based on the above analysis regarding the roles of m6A
modified circRNAs in different diseases, we can deduce
that m6A modification in circRNAs has following common
mechanisms to participate in disease progression. (1) Under
pathological conditions, the expression of methyltransferases
and/or demethylases is upregulated or downregulated, leading to
the changes in m6A levels of circRNAs. (2) Through recognizing
m6A motif by different m6A readers, m6A modification can
regulate the metabolism and functions of circRNAs, thereby
participating in disease progression (Figures 2, 3). However,
the relationships among m6A modification, circRNA functions
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and diseases remain largely unclear. It is confirmed that m6A
modification is as the upstream regulatory mechanism to affect
downstream molecules by regulating circRNAs directly. In the
future, the conjoint analysis of MeRIP-seq and RNA-seq may
be helpful for seeking disease-specific m6A modified circRNAs.
After that, qRT-PCR, RIP, RNA pull down, and dual-luciferase
reporter assay may be used for exploring the mechanism of
selected m6A modified circRNAs.

CONCLUSION AND FUTURE
DIRECTIONS

No doubt, increasing number of studies have validated that
circRNAs play key roles in human development and disease
progressions; and epigenetic modification, especially m6A in
mRNA, has emerged as widespread regulatory mechanisms that
control gene expression in diverse physiological and pathological
processes. However, the roles of epigenetic modifications in
circRNAs remain largely unknown. Despite there are only
4 years regarding the researches of m6A in circRNAs,
accumulating studies have identified numerous m6A-modified
circRNAs and have found their important regulatory roles
in development and diseases. In conclusion, current studies
have found that these m6A-modified circRNAs are expressed
in cell-type and disease-specific methylation patterns. In
functions, m6A modification can regulate circRNAs metabolism,
including circRNAs biogenesis, translation, degradation and
cellular localization. Importantly, these m6A-modified circRNAs
participate in diverse physiological and pathological processes,
such as immunity, tumors, acute coronary syndrome, pulmonary
hypertension and age-related cataract, by regulating circRNAs
metabolism and functions. In general, the discovery of m6A
modification in circRNAs broadened our horizons in RNA
epigenetics and we provided a comprehensive understanding
about the m6A modification of circRNAs and their roles based
on current reports.

In addition, m6A-modified circRNAs may become the
potential therapeutic target of diseases. For example, m6A-
modified circNSUN2 has been found to play a key role
in promoting colorectal liver metastasis (Chen R. X. et al.,
2019; He et al., 2021). Targeted inhibition of circNSUN2 may
block colorectal liver metastasis. Here, we listed the prospect
targets that may be used for clinical treatment in the future
in Table 1 based on current reports. However, the research
regarding targeting m6A-modified circRNAs in diseases is still

in infancy and many studies are needed to seek disease-specific
targets and to develop effective methods for detection of m6A-
modified circRNAs.

Currently, many questions are about when and how m6A
is added on or removed from circRNAs, and about how
m6A regulates circRNAs metabolism and disease progressions.
For example, Tang et al. (2020) found that, during murine
spermatogenesis, for a subset of circRNAs, the back splicing
occurs mostly at m6A enriched sites, which are usually located
around the start and stop codons in linear mRNAs. Zhou et al.
(2017) found that numerous m6A circRNAs were generated from
exons that didn’t contain m6A peaks in corresponding mRNAs.
The question is whether m6A was added before or after the
circRNAs were formed. In addition, the causes that lead to the
change of m6A modification in circRNAs are unclear.

Another challenge is the technologies to study m6A
modification. For example, MeRIP-Seq is the main method
to identify m6A modifications using m6A-specific antibodies.
A limitation of this method is that it cannot provide the
precise location of m6A at single-nucleotide resolution. Ho-
Xuan et al. (2020) found that endogenous proteins could
not be detected when they constructed the overexpression
of circZNF609. Comprehensive mutational analysis found
that deletion constructs, which were deficient in producing
circZNF609, still generated the observed protein products,
suggesting that the apparent circZNF609 translation originated
from transsplicing byproducts of the overexpression plasmids.
Therefore, the overexpression construction of circRNAs need to
be evaluated carefully. In the future, studies should overcome and
solve these challenges and questions in order to better understand
the roles of m6A in circRNAs biology further.
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KIAA1429 and ALKBH5 Oppositely
Influence Aortic Dissection
Progression via Regulating the
Maturation of Pri-miR-143-3p in an
m6A-Dependent Manner
Peng Wang1,2,3†, Zhiwei Wang1,2*†, Min Zhang1,2, Qi Wu1,2,3, Feng Shi1,2,3 and
Shun Yuan1,2,3

1 Department of Cardiovascular Surgery, Renmin Hospital of Wuhan University, Wuhan, China, 2 Cardiovascular Surgery
Laboratory, Renmin Hospital of Wuhan University, Wuhan, China, 3 Central Laboratory, Renmin Hospital of Wuhan University,
Wuhan, China

Despite decades of study into aortic dissection (AD), a lethal cardiovascular emergency
due to a tear in the aorta intima or bleeding within the aortic wall, leading to the
separation of the different layers of it, the factors that influence its progression and
the deeper regulatory mechanisms remain poorly understood. Nowadays, with the
maturity of N6-methyladenosine (m6A) sequence technology, m6A modification, one
type of RNA epigenesis, has gradually become a new research hotspot for epigenetic
molecular regulation. Especially recently, increasing evidence has revealed that m6A
modification functions as a pivotal post-transcriptional modification to influence the
progression of multiple diseases. Based on these findings, it is reasonable to speculate
that m6A modification may affect the onset and progression of AD. To explore the
validity of our conjecture and to elucidate its underlying molecular mechanism of
action, we conducted the present study. In this study, we found that KIAA1429
is downregulated while ALKBH5 is upregulated in aortic tissues from AD patients.
Furthermore, gain- and loss-of-function studies showed that KIAA1429 and ALKBH5
can oppositely regulate HASMC proliferation, HAEC apoptosis, and AD progression
in AngII-infused mice. Mechanistically, we demonstrated that KIAA1429/ALKBH5-
mediated m6A modifications can regulate the processing of pri-miR-143-3p through
interacting with the microprocessor protein DGCR8, thus indirectly regulating the
downstream target gene of mature miR-143-3p, DDX6, to perform their biological
functions in vitro and in vivo. Our findings have revealed a novel connection between
m6A modification and AD progression and may provide a novel molecular basis for
subsequent researchers to search for novel therapeutic approaches to improve the
health of patients struggling with AD.
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INTRODUCTION

Aortic dissection (AD) is a lethal cardiovascular emergency due
to a tear in the aorta intima or bleeding within the aortic wall,
leading to the separation of the different layers of the aortic wall
(Gawinecka et al., 2017; Tchana-Sato et al., 2018). Despite decades
of study into AD, the factors that influence its progression and
the deeper regulatory mechanisms remain poorly understood.
Therefore, one of the prerequisites to the development of novel
coping strategies for AD is to elucidate the underlying molecular
mechanisms involved.

According to the results of available studies, both decreased
cell proliferation capacity of human aortic smooth muscle cells
(HASMCs) and excessive apoptosis of human aortic endothelial
cells (HAECs) in the arterial vascular wall are closely related
to the development of AD (Lai et al., 2019; Song et al., 2019;
Sun et al., 2020). Although numerous studies have confirmed
this conclusion, the molecular regulatory mechanisms involved
in HASMC and HAEC dysfunction are not well investigated,
especially epigenetic studies. Epigenetic abnormalities mainly
occur at the following levels: DNA (Cantara et al., 2011),
RNA (Berger, 2002), and histone modification (Akhavan-Niaki
and Samadani, 2013). At the RNA level, diverse types of
posttranscriptional modifications have been recognized, among
which N6-methyladenosine (m6A) RNA methylation is one
of the most common modifications in eukaryote messenger
RNAs (Desrosiers et al., 1974; Dominissini et al., 2012;
Meyer et al., 2012).

Nowadays, with the maturity of m6A sequencing technology,
m6A modification, one type of RNA epigenesis, has gradually
become a new research hotspot for epigenetic molecular
regulation (Frye et al., 2018; He et al., 2019). M6A modification
has been confirmed to be a dynamic and reversible process
modulated by m6A WERs (writers, readers, and erasers). The
methyltransferase complex that catalyzes the formation of m6A
methylation is called “writers,” among which methyltransferase
like 3 (METTL3), methyltransferase like 14 (METTL14), Vir-like
methyltransferase-associated (KIAA1429), and WT1-associated
protein (WTAP) play vital roles (Lan et al., 2019). In turn,
demethylase, fat mass and obesity-associated protein (FTO),
and alkylation repair homolog protein 5 (ALKBH5) function as
“erasers” to remove the m6A methylation (Meyer and Jaffrey,
2017). Meanwhile, several m6A-binding proteins, including
YTHDC1/2, YTHDF1/2/3, and HNRNP, act as the “readers” to
decode m6A methylation (Roundtree et al., 2017).

Recently, accumulating evidence has revealed that m6A
modification influences the progression of multiple diseases
through regulating non-coding RNA biogenesis. For instance,
Zhang et al. (2019b) found that ALKBH5 could promote invasion
and metastasis of gastric cancer via decreasing methylation of
the lncRNA NEAT1. Zuo et al. (2020) reported that M6A-
mediated upregulation of LINC00958 exacerbates hepatocellular
carcinoma progression. Zhang et al. (2019a) demonstrated that
excessive miR-25-3p expression induced by m6A promotes
pancreatic cancer progression. However, the above findings
mainly focus on the field of oncology, and whether m6A
modification is also involved in human cardiovascular diseases

by regulating non-coding RNAs biogenesis has been less reported
(Su et al., 2020).

This study aims to explore the role of m6A modification in the
development of AD and elucidate the underlying mechanisms by
which m6A modification influences AD progression.

MATERIALS AND METHODS

Clinical Samples
The collection and usage of clinical specimens in this study
were approved by the Clinical Research Ethics Committees
of Renmin Hospital of Wuhan University, China. Meanwhile,
informed written consent of all participants was obtained. Aortic
tissues (n = 25) were collected from acute thoracic AD patients
who underwent emergency aortic replacement surgery from
April 2018 to December 2019. Normal aorta tissues (n = 25)
were obtained from heart donors declared brain dead. The
clinical data of all donors and AD patients are present in
Supplementary Table 1.

Cell Culture and Cell Transfection
HAECs were purchased from ATCC (#PCS-100-011TM,
Manassas, VA, United States) and cultured in Endothelial Cell
Growth Basal Medium-2 (Lonza, Basel, CHE). HASMCs were
purchased from ATCC (#PCS-100-012TM) and cultured in
DMEM (HyClone, Logan, UT, United States). All media were
supplemented with endothelial cell growth factors, 5% fetal
bovine serum (Invitrogen, Carlsbad, CA, United States), and 1%
penicillin/streptomycin (Sigma, Darmstadt, DEU). The external
conditions for cell culture were as follows: 37◦C, humidified
atmosphere containing 5% CO2.

To obtain stable transfection cell lines, we transfected cells
with diverse lentivirus vector (Genechem, Shanghai, China)
carrying overexpression plasmids (termed as LV-KIAA1429/LV-
ALKBH5), a negative control (termed as LV-NC), interfering
RNA (termed as sh-KIAA1429/sh-ALKBH5), or scramble control
(termed as sh-NC). Stable cell clones were selected by using
puromycin (4 µg/ml) for 1 week. To interfere with miR-
143-3p and DDX6 expression, miR-143-3p mimics, inhibitor,
pcDNA3.1-DDX6, si-DDX6, or their respective negative controls
(NC) were synthesized by GeneChem Co., Ltd. (Shanghai, China)
and transiently transfected into cells using Lipofectamine 3000
reagent (Invitrogen).

AngII Infusion AD Model and Adenovirus
Vector Transfection
The Ethical Committee of the Renmin Hospital of Wuhan
University approved the animal experiments, which were
designed in accordance with the Wuhan Directive for Animal
Research and the Current Guidelines for the Care and Use
of Laboratory Animals published by the National Institutes
of Health (NIH). Male C57BL/6N mice were purchased
from the Guangdong Medical Laboratory Animal Center
(Foshan, China). The angiotensin II (AngII)-infusion mouse
AD model was established as described in our previous study
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(Wang et al., 2021). Concretely, osmotic mini-pumps (Alzet,
Cupertino, CA, United States) containing AngII (1 µg/kg/min,
Enzo Biochem, New York, NY, United States) were implanted in
7-week-old male mice. Moreover, to interfere with the expression
of KIAA1429, ALKBH5, or DDX6 in vivo, adeno-associated virus
9 (AAV9) vectors carrying a variety of overexpression plasmids
or interfering RNA were randomly injected through the tail vein
to C57BL/6N mice. All mice were monitored daily to record their
survival time and death reasons. The experimental endpoint was
mouse death from aortic rupture or treatment time up to 28 days.
The aortas of mice were collected to confirm the formation of AD.

RNA Extraction and qRT-PCR
Total RNA was extracted from tissues and cells using Trizol
Reagent (Invitrogen). Subsequent concentration determination
of samples, reverse transcription, and qRT-PCR were performed
as reported in our previous work (Wang et al., 2017). The
expression of pri-miR-143-3p and pri-miR-3129 was examined
using a TaqMan pri-miRNA assay. The primer sequences used in
the present study are listed in Supplementary Table 2.

Western Blot
Cells or tissue samples were lysed by RIPA lysis buffer containing
1% protease inhibitors (Sigma). The protein extractions were
quantified by BCA Protein Assay Kit (Beyotime, Shanghai,
China). Western blot assays were performed as described in our
previous work (Wang et al., 2017). Primary antibodies used in
this study are shown in Supplementary Table 3.

Cell Proliferation Assays
The cell proliferation was detected by Cell Counting Kit-
8 (CCK8, Dojindo, Kumamoto, Japan) and 5-ethynyl-2′-
deoxyuridine (EdU; Ribobio, Guangzhou, China) assays. CCK8
assay was conducted as described in our previous work
(Wang et al., 2017).

5-ethynyl-2′-deoxyuridine assay was performed in accordance
with the protocol for the Click-iT R© EdU Imaging Kit (Invitrogen).
Cells were hatched with EdU for 2 h, then fixed in 4%
paraformaldehyde for 1 h, and incubated with glycine.
Subsequently, the cells were washed with TBS after being
submerged into the cocktail for 0.5 h in darkness and further
covered in Hoechst for 30 min. Images were captured by a
fluorescence microscope (BX63, Olympus, Japan).

Cell Apoptosis Assays
In the TUNEL assay, cells were fixed in paraformaldehyde
for 15 min and then stained by in situ Cell Death Detection
Kit (TMR red) (Roche, Basel, CHE). We randomly chose six
visual fields from each group to count the positive TUNEL-
stained cells. Apoptotic cells were presented as percentages (cell
count with positive TUNEL staining/cell count with positive
DAPI staining) and we obtained images using a fluorescence
microscope (BX63, Olympus).

In flow cytometry analysis, cells were collected, resuspended,
and double-stained with Annexin V-FITC (#556547, BD
Biosciences, Franklin, NJ, United States) as well as propidium

iodide (PI; Solarbio, Beijing, China) at room temperature for
10 min in darkness. Subsequently, cell apoptosis was analyzed
using the FACScan flow cytometer installed with Cell Quest
software (BD Biosciences).

RNA m6A Dot Blots
The Poly(A)+ RNAs (100 and 250 ng, respectively) were
denatured and spotted onto a nylon membrane (Sigma) with
a Bio-Dot apparatus (Bio-Rad, Hercules, CA, United States).
Then, membranes were ultraviolet (UV) crosslinked, blocked,
incubated with m6A antibody (#202003, Synaptic Systems,
Canoga Park, CA, United States) overnight at 4◦C, and hatched
with HRP-conjugated anti-mouse IgG (Proteintech, Rosemont,
IL, United States). After extensive washing, membranes were
visualized by chemiluminescence system (Bio-Rad). Meanwhile,
the membrane stained with 0.02% methylene blue (MB) in
0.3 M sodium acetate (pH 5.2) was used to show the
consistency between groups.

Dual-Luciferase Reporter Assay
The 3′-UTR of DDX6 was amplified and then inserted into the
XbaI restriction enzyme site of a pMiR-REPORTTM Luciferase
vector (Promega, Madison, WI, United States). We mutated
the binding site of miR-143-3p in the 3′-UTR-loading vectors
using the QuikChange site-directed mutagenesis kit (Promega).
The activity of firefly luciferase was detected by Dual-Luciferase
Reporter Assay (Promega), being normalized to Renilla luciferase
activity (Wang et al., 2017).

Ectopic Reporter Constructs
We recomposed a previously described ectopic reporter construct
(Auyeung et al., 2013; Alarcón et al., 2015) to analyze the pri-
miR-143-3p processing. Concretely, we displaced pri-miR-1-1,
the miRNA control, with its modified version in which the
adenosine [A] of the potential RRACH m6A sequence motif was
mutated. We next placed it downstream of the query miRNA,
either wild-type (WT) version (WT) or mutant version (Mut)
pri-miR-143-3p in which the adenosine [A] of the RRACH m6A
sequence motif was mutated to thymidine [T]. Then, these two
constructs were transfected into cells utilizing Lipofectamine
3000 (Invitrogen), and qRT-PCR was used to determine the
production of mature miR-1-1 and miR-143-3p.

RNA Immunoprecipitation Assay
RNA immunoprecipitation (RIP) assay was conducted using
the Magna RIPTM RNA-Binding Protein Immunoprecipitation
Kit (Millipore, MA, United States). After cells were lysed and
centrifuged, the supernatant was incubated with magnetic
beads conjugated with antibodies against Argonaute-2
(anti-Ago2) or anti-Immunoglobulin G (anti-IgG) at 4◦C
overnight. The precipitated RNAs were eluted, purified, and then
detected by qRT-PCR.

m6A RNA Immunoprecipitation Assay
The RNAs isolated from cells were treated with DNase I (Thermo
Fisher Scientific, United States) and then chemically fragmented
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to 100 nt on the ice. The anti-m6A antibody (1:1,000, Abcam,
United States) previously combined with magnetic Dynabeads
(Thermo Fisher Scientific) was used for immunoprecipitations in
the RIP Immunoprecipitation buffer (Magna RIP Kit, Millipore)
and incubated with DNA-free fragmented RNAs. Then, the beads
were treated with Proteinase K (25 mg/ml) at 42◦C for 2 h. RNAs
were extracted and subjected to qRT-PCR.

Co-immunoprecipitation Assay
Cell lysates were centrifuged and the supernatant was
preincubated with 20 µg of protein A-Sepharose beads (Thermo
Fisher Scientific) with vibrating for 2 h at 4◦C. The samples
were then centrifuged again and transferred to a new 2-ml EP
tube. The samples were incubated with the primary antibodies
for 1.5 h and then incubated with protein A-Sepharose beads to
capture the immunocomplex. Next, the beads were washed three
times, dissolved in electrophoresis sample loading buffer, and
incubated for 15 min at 95◦C.

Bioinformatics Database
We screened out candidate miRNAs whose expression
might be regulated by KIAA1429 or ALKBH5 using the
LinkedOmics database. We searched m6AVar database for the
predicted m6A sites in pri-miR-143-3p. TargetScan (context
score < −0.2), miRanda (score < −0.5), and PicTar (total
context + + score < −0.6) databases were used to predict the
target genes of miRNA. The available addresses for the above
databases are presented in Supplementary Table 4.

Statistical Analysis
All statistical analyses were performed by using GraphPad
Prism 8.0 (GraphPad, United States) and SPSS 24.0 (IBM,
United States), and two-tailed Student’s t-test and Pearson’s
correlation coefficient analysis were, respectively, adopted to
analyze differences between groups or the correlations between
KIAA1429, ALKBH5, miR-143-3p, and DDX6. Kaplan–Meier
curve with log-rank test was utilized to analyze the survival time.
A two-sided p-value < 0.05 was considered to be statistically
significant. Each experiment was performed in triplicate, and all
data are expressed as mean± standard error of the mean (SEM).

RESULTS

KIAA1429 Is Downregulated While
ALKBH5 is Upregulated in Aorta
Samples From AD Patients
To identify whether m6A modification was involved in AD
development, we initially measured the expression levels of
multiple key genes related to m6A, as described in section
“Introduction,” in 25 pairs of aorta tissues derived from donors
and AD patients. It was observed that KIAA1429 was significantly
downregulated while ALKBH5 was upregulated in the aorta
specimens of AD patients compared to donors (Figure 1A and
Supplementary Figure 1). Subsequently, when the expression
levels of KIAA1429 and ALKBH5 were further detected in 25

pairs of aorta samples from normal and AngII-induced AD mice,
the same change trends emerged (Figures 1B,C). Furthermore,
the protein levels of KIAA1429 and ALKBH5 in aorta specimens
from AD patients were significantly lower and higher than in
aorta tissues from donors, respectively (Figures 1D,E). Taken
together, the aberrant expression of KIAA1429 and ALKBH5 in
aortas of AD patients indicated that m6A modification mediated
by methyltransferase or demethylase might be indeed involved
in AD progression.

KIAA1429 Enhances While ALKBH5
Reduces m6A Levels in HASMCs and
HAECs
To further clarify whether m6A modification is indeed related
to AD progression, we investigated the effects of abnormally
expressed KIAA1429 and ALKBH5 on m6A levels in HASMCs
and HAECs. Firstly, cells were stably transfected with interfering
lentiviral vectors and the corresponding control vectors. The
interference effects were subsequently measured with qRT-
PCR and Western blot (Figures 2A,B). Then, we measured
the changes in intracellular levels by performing dot blot
assays and observed that overexpression or silencing of
KIAA1429 significantly increased and decreased the level of
m6A, respectively (Figure 2C). On the contrary, we found
that ALKBH5 could negatively regulate intracellular m6A
levels (Figure 2D). Moreover, we explored whether there were
differences between the m6A levels of AD patients and donors.
The results showed that the m6a level was lower in the aortic
tissues from AD patients compared with donors (Figure 2E).
Collectively, our findings revealed that KIAA1429 and ALKBH5
could influence the development of AD by regulating m6A levels
in HASMCs and HAECs.

KIAA1429 Can Promote HASMC
Proliferation, Inhibit HAEC Apoptosis,
and Inhibit AD Progression in
AngII-Infused Mice
Because the aberrant expression of KIAA1429 in AD tissues
had been identified by us, we then assessed the influences of
KIAA1429 on the development of AD, including the effects
on HASMC proliferation, HAEC apoptosis, and the incidence
of AD in AngII-infused mice. Firstly, CCK8 and EdU assays
were performed to investigate whether KIAA1429 is involved
in HASMC proliferation. Both results indicated that KIAA1429
overexpression led to markedly enhanced HASMC proliferation
while its knockdown resulted in significantly decreased
HASMC proliferation (Figures 3A,B and Supplementary
Figure 7A). Furthermore, the flow cytometry analysis revealed
that overexpression of KIAA1429 notably promoted HAEC
apoptosis while knockdown of it significantly inhibited HAEC
apoptosis (Figure 3C).

To examine whether KIAA1429 affects the development of
AD in vivo, we interfered with KIAA1429 expression in AngII-
infused C57BL/6J mice by injecting AAV9 vectors harboring
overexpression plasmids (termed as LV-KIAA1429), shRNA
(termed as sh-KIAA1429), or corresponding NC through the
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FIGURE 1 | KIAA1429 is downregulated while ALKBH5 is upregulated in aorta samples from AD patients. (A) KIAA1429 was significantly downregulated while
ALKBH5 was upregulated in the aorta specimens of AD patients compared to donors. (B,C) The low expression of KIAA1429 or high expression of ALKBH5 was
confirmed in 25 pairs of aortic tissues from normal and AngII-induced AD mice. (D,E) The protein levels of KIAA1429 and ALKBH5 in aorta specimens from AD
patients were significantly lower and higher than in aorta tissues from donors, respectively. Data are presented as the mean ± SEM (N ≥ 3 per group); *p < 0.05.

FIGURE 2 | KIAA1429 enhances while ALKBH5 reduces m6A levels in HASMCs and HAECs. (A,B) The interference effects on KIAA1429 and ALKBH5 expression
in HASMCs and HAECs were detected by qRT-PCR and Western blot. (C) Dot blot assays showed that overexpression or silencing of KIAA1429 significantly
increased and decreased the level of m6A, respectively. (D) ALKBH5 could negatively regulate intracellular m6A levels. (E) The m6A level was lower in the aortic
tissues from AD patients compared with donors. Data are presented as the mean ± SEM (N ≥ 3 per group); *p < 0.05.
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FIGURE 3 | KIAA1429 can promote HASMC proliferation, inhibit HAEC apoptosis, and inhibit AD progression in AngII-infused mice. (A,B) KIAA1429 overexpression
led to markedly enhanced HASMC proliferation while its knockdown resulted in significantly decreased HASMC proliferation. (C) Flow cytometry analysis revealed
that overexpression of KIAA1429 notably promoted HAEC apoptosis while knockdown of it significantly inhibited HAEC apoptosis. (D) The interference effects on
KIAA1429 expression in AngII-infused C57BL/6J mice were detected by qRT-PCR and Western blot. (E) KIAA1429 overexpression reduced incidence while its
knockdown increased the incidence of AD in AngII-infused mice. (F) Mice in the LV-KIAA1429 group and sh-KIAA1429 group had longer and shorter survival times
compared to the control group, respectively. Data are presented as the mean ± SEM (N ≥ 3 per group); *p < 0.05.

tail vein and confirmed interference effect by measuring the
mRNA and protein levels of KIAA1429 in arterial tissues of
mice (Figure 3D). At 28 days after AngII infusion, the incidence
of AD and the survival time of mice in different groups were
counted and analyzed. The results indicated that KIAA1429
overexpression reduced the incidence while its knockdown
increased the incidence of AD in AngII-infused mice (Figure 3E).
Moreover, survival analysis results showed that mice in the LV-
KIAA1429 group (n = 25) and sh-KIAA1429 group (n = 25)
had longer and shorter survival times compared to the control
group (n = 25), respectively (Figure 3F). Taken together, these

data revealed that KIAA1429 can promote the development of
AD in vivo and in vitro.

ALKBH5 Can Suppress HASMC
Proliferation, Promote HAEC Apoptosis,
and Facilitate AD Progression in
AngII-Infused Mice
By the same token, we explored the impacts of ALKBH5
on AD progression. Firstly, we performed CCK8 and EdU
assays and found that overexpression of ALKBH5 significantly
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inhibited HASMC proliferation while knockdown of ALKBH5
led to increased HASMC proliferation (Figures 4A,B and
Supplementary Figure 7B). Subsequently, the flow cytometry

analysis showed that ALKBH5 overexpression notably
promoted HAEC apoptosis while its knockdown significantly
suppressed HAEC apoptosis (Figure 4C). Furthermore,

FIGURE 4 | ALKBH5 can suppress HASMC proliferation, promote HAEC apoptosis, and facilitate AD progression in AngII-infused mice. (A,B) Both CCK8 and EdU
assays found that overexpression of ALKBH5 significantly inhibited HASMC proliferation while knockdown of ALKBH5 led to increased HASMC proliferation.
(C) Flow cytometry analysis showed that ALKBH5 overexpression notably promoted HAEC apoptosis while its knockdown significantly suppressed HAEC
apoptosis. (D) The interference effects on ALKBH5 expression in AngII-infused C57BL/6J mice were examined. (E) KIAA1429 overexpression reduced the incidence
while its knockdown increased the incidence of AD in AngII-infused mice. (F) Mice in the sh-ALKBH5 group and LV-ALKBH5 group had longer and shorter survival
times compared to the control group, respectively. Data are presented as the mean ± SEM (N ≥ 3 per group); *p < 0.05.
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in animal experiments, we first confirmed the effect of
interference on ALKBH5 expression and then found that
ALKBH5 overexpression could increase the incidence of AD
in mice and shorten the survival time of mice (Figures 4D–F).
Collectively, these data suggested that ALKBH5 could promote
the development of AD in vivo and in vitro.

KIAA1429 and ALKBH5 Oppositely
Regulate the Processing of miR-143-3p
via m6A Modification
Two recent studies have shown that m6A modification can
influence tumor progression by affecting the binding of DGCR8
to pri-miRNAs (Lai et al., 2019; Song et al., 2019). Therefore,
we herein assessed whether KIAA1429 and ALKBH5 also
regulate the combination of DGCR8 and pri-miRNAs in
HASMCs and HAECs. Given that enhanced m6A levels can
cause the upregulation of miRNAs through facilitating the
corresponding pri-miRNA processing (Lai et al., 2019; Song
et al., 2019), and that KIAA1429 can improve the m6A
levels in HASMCs and HAECs (Figure 2C), we inferred that
the levels of KIAA1429/m6A-dependent miRNAs should be
positively correlated with KIAA1429. Conversely, the levels
of ALKBH5/m6A-dependent miRNAs should be negatively
correlated with ALKBH5. Through searching the LinkedOmics
database, we found 13 miRNAs positively associated in
expression with KIAA1429 and 12 miRNAs negatively associated
with ALKBH5 (Figures 5A,B). To confirm whether these
candidate miRNAs are regulated by KIAA1429 or ALKBH5
in HASMCs and HAECs, we first measured the changes in
their expression levels and found that only miR-26b, miR-143-
3p, and miR-145 increased when KIAA1429 was overexpressed
and decreased when KIAA1429 was silenced (Figure 5C
and Supplementary Figure 2A). Similarly, we observed that
only the levels of miR-320d, miR-143-3p, and miR-582 were
negatively regulated by ALKBH5 (Figure 5D and Supplementary
Figure 2B). We then selected miR-143-3p, the intersection of the
above results, for further study.

Subsequently, we determined the level of variation of
immature miRNA, pri-miR-143-3p, when the level of KIAA1429
or ALKBH5 changed and observed that unprocessed pri-miRNA-
143-3p was accumulated in KIAA1429-knockdown or ALKBH5-
overexpression cells and significantly decreased in KIAA1429-
overexpression or ALKBH5-silence cells (Figure 5E). To explore
the specific mechanisms of this phenomenon, we first searched
the m6AVar database for the predicted m6A sites in pri-miR-
143-3p, and two RRACH m6A sequence motifs, (GGAC) base
sequence, in the pri-miR-143-3p region (only one sequence
motif presents outside the pre-miRNA region) were found
(Supplementary Figure 3). Then, we recomposed a previously
described ectopic reporter construct (Sun et al., 2020). In one
reporter, a WT version of pri-miR-143-3p was introduced. In the
other reporter, the adenosine [A] of the RRACH m6A sequence
motif located in the pri-miR-143-3p region outside the pre-miR-
143-3p sequence was mutated to thymidine [T] (Figure 5F).
Our findings demonstrated that mutation of the RRACH m6A

motif in pri-miR-143-3p significantly reduced its processing to
the mature form (Figure 5G).

We next performed the RIP assay to determine the
influences of m6A modification on the binding of DGCR8
to pri-miR-143-3p. The results revealed that the levels of
pri-miR-143-3p bound to DGCR8 were significantly enhanced
or reduced by overexpression of KIAA1429 or ALKBH5,
respectively (Figures 5H,I). Moreover, we performed m6A
RNA immunoprecipitation (MeRIP) assay and found that
overexpressing KIAA1429 or silencing ALKBH5 notably
increased the quantity of pri-miR-143-3p modified by m6A
(Figure 5J). Taken together, our findings revealed that KIAA1429
could facilitate pri-miR-143-3p processing by enhancing the
binding of DGCR8 to it, and ALKBH5 could hinder the
processing in the same way.

MiR-143-3p Is a Downstream Target of
KIAA1429 and ALKBH5
To investigate the underlying mechanism of miR-143-3p function
in AD development as a downstream target of KIAA1429 and
ALKBH5, we first examined its expression level in 25 pairs
of aorta samples derived from donors and AD patients and
found that miR-143-3p was significantly downregulated in tissues
from AD patients (Figure 6A). Meanwhile, a positive correlation
between miR-143-3p and KIAA1429 (R = 0.4314, p = 0.0313)
and a negative correlation between miR-143-3p and ALKBH5
(R =−0.4105, p = 0.0415) were identified by Pearson’s correlation
coefficient analysis (Figure 6B).

Subsequently, we found that miR-143-3p upregulation could
partly restore the cell proliferation suppressed by KIAA1429
knockdown. Accordingly, downregulation of miR-143-3p could
partly decrease cell multiplication promoted by KIAA1429
overexpression (Figure 6C). Moreover, TUNEL apoptosis assay
showed that enrichment of miR-143-3p could partly attenuate
HAEC apoptosis induced by the silence of KIAA1429 (Figure 6D
and Supplementary Figure 7C). We then applied the same
methods to confirm that increased miR-143-3p could enhance
the pro-proliferative effect of ALKBH5 knockdown on HASMCs
and decreased miR-143-3p could weaken the anti-apoptotic
effect of ALKBH5 knockdown on HAECs (Figures 6E,F and
Supplementary Figure 7D).

MiR-143-3p Directly Targets DDX6 in
HASMCs and HAECs
To identify the target genes of miR-143-3p in HASMCs and
HAECs, we first searched for putative targets using three
databases (TargetScan, miRanda, and PicTar) and obtained 11
candidate genes in their intersection (Figure 7A). Subsequently,
we validated the prediction results by qRT-PCR and found that
only the levels of DDX6, TUB, and PGK1 both changed after the
upregulation and downregulation of miR-143-3p (Figure 7B and
Supplementary Figure 4). We next explored whether their levels
were affected by KIAA1429 and ALKBH5. The results showed
that only the expressions of DDX6 and TUB were reduced
or elevated after the overexpression or silence of KIAA1429,
respectively (Figure 7C). Meanwhile, only the levels of DDX6
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FIGURE 5 | KIAA1429 and ALKBH5 oppositely regulate the processing of miR-143-3p via m6A modification. (A,B) Through searching in the LinkedOmics database,
we found 13 miRNAs positively associated in expression with KIAA1429 and 12 miRNAs negatively associated with ALKBH5. (C) The levels of miR-26b,
miR-143-3p, and miR-145 increased when KIAA1429 was overexpressed and decreased when KIAA1429 was silenced. (D) The levels of miR-320d, miR-143-3p,
and miR-582 were negatively regulated by ALKBH5. (E) The unprocessed pri-miRNA-143-3p was accumulated in KIAA1429-knockdown or
ALKBH5-overexpression cells and significantly decreased in KIAA1429-overexpression or ALKBH5-silence cells. (F) In one reporter, the adenosine [A] of the RRACH
m6A sequence motif located in the pri-miR-143-3p region outside the pre-miR-143-3p sequence was mutated to thymidine [T]. (G) The mutation of the RRACH
m6A motif in pri-miR-143-3p significantly reduced its processing to the mature form. (H,I) The levels of pri-miR-143-3p bound to DGCR8 were significantly enhanced
or reduced by overexpression of KIAA1429 or ALKBH5, respectively. (J) MeRIP assay showed that overexpressing KIAA1429 or silencing ALKBH5 notably
increased the quantity of pri-miR-143-3p modified by m6A. Data are presented as the mean ± SEM (N ≥ 3 per group); *p < 0.05, **p < 0.01, and ***p < 0.001.

and PGK1 changed with the upregulation or downregulation
of ALKBH5 (Figure 7D). Therefore, we choose DDX6, the
intersection of these results, as our research object in this
study. Consistent with the above qRT-PCR results, subsequent

Western blot assays confirmed the regulatory effects of miR-143-
3p, KIAA1429, and ALKBH5 on the expression levels of DDX6
(Figures 7E–G). Moreover, we also found the high expression of
DDX6 in aorta samples from AD patients, which was negatively
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FIGURE 6 | MiR-143-3p is a downstream target of KIAA1429 and ALKBH5. (A) MiR-143-3p is significantly downregulated in aortic tissues from AD patients. (B) A
positive correlation between miR-143-3p and KIAA1429 (R = 0.4314, p = 0.0313) and a negative correlation between miR-143-3p and ALKBH5 (R = –0.4105,
p = 0.0415) were identified by Pearson’s correlation coefficient analysis. (C) MiR-143-3p upregulation could partly restore the cell proliferation suppressed by
KIAA1429 knockdown and downregulation of miR-143-3p could partly decrease cell multiplication promoted by KIAA1429 overexpression. (D) TUNEL apoptosis
assay showed that enrichment of miR-143-3p could partly attenuate HAEC apoptosis induced by the silence of KIAA1429. (E,F) Upregulation of miR-143-3p could
enhance the pro-proliferative effect of ALKBH5 knockdown on HASMCs and downregulation of miR-143-3p could weaken the anti-apoptotic effect of ALKBH5
knockdown on HAECs. Data are presented as the mean ± SEM (N ≥ 3 per group); *p < 0.05.
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FIGURE 7 | MiR-143-3p directly targets DDX6 in HASMCs and HAECs. (A) We searched for putative targets using three databases and obtained 11 candidate
genes in their intersection. (B) The levels of DDX6, TUB, and PGK1 both changed after the upregulation and downregulation of miR-143-3p. (C) The expressions of
DDX6 and TUB were reduced or elevated after the overexpression or silence of KIAA1429, respectively. (D) Only the levels of DDX6 and PGK1 changed with the
upregulation or downregulation of ALKBH5. (E–G) Western blot assays confirmed the regulatory effects of miR-143-3p, KIAA1429, and ALKBH5 on the expression
levels of DDX6. (H) The high expression of DDX6 in aorta samples from AD patients was confirmed by qRT-PCR. (I,J) A negative correlation between DDX6 and
KIAA1429 (R = –0.4587, p = 0.0211) and a positive correlation between it and ALKBH5 (R = 0.4286, p = 0.0326) were identified by Pearson’s correlation coefficient
analysis. (K) The 3′-UTR of DDX6 was analyzed and one conserved binding domain for miR-143-3p was identified. (L) The variations of miR-143-3p level in the
3′-UTR-Wt group significantly decreased or enhanced the luciferase activity, respectively, while the luciferase activity remained unchanged in the 3′-UTR-Mut group.
Data are presented as the mean ± SEM (N ≥ 3 per group); *p < 0.05, **p < 0.01.

correlated with the expression levels of KIAA1429 and positively
correlated with ALKBH5 (Figures 7H–J).

Lastly, dual-luciferase reporter assay was performed to
substantiate the direct interaction between miR-143-3p and
DDX6. The 3′-UTR of DDX6 was analyzed and one conserved
binding domain for miR-143-3p was identified (Figure 7K).
Then, the wild-type 3′-UTR (Wt) and the mutant 3′-UTR
sequence (Mut) of DDX6 were cloned to construct reporter
plasmids and mutant vectors, respectively. We found that
upregulation or downregulation of miR-143-3p in the 3′-UTR-
Wt group significantly decreased or enhanced the luciferase
activity, respectively, while the luciferase activity remained
unchanged in the 3′-UTR-Mut group, which revealed the
targeted binding relationship between miR-143-3p and DDX6
(Figure 7L). Collectively, our findings demonstrated that DDX6

is a direct target gene of miR-143-3p and regulated by both
KIAA1429 and ALKBH5.

KIAA1429 and ALKBH5 Affect AD
Progression via the miR-143-3p/DDX6
Pathway
Since we had demonstrated that KIAA1429 or ALKBH5
could regulate DDX6 indirectly by modulating miR-143-
3p, we intended to further explore whether they could
directly regulate DDX6. We performed a luciferase reporter
assay and MeRIP assay after the binding site of the 3′-
UTR region of DDX6 was mutated. Results indicated that
there was no significant change in luciferase activity between
groups Wt and Mut, and the amount of DDX6 precipitated
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by m6A and IgG also did not change significantly when
KIAA1429 or ALKBH5 was disturbed (Figures 8A,B and
Supplementary Figure 5). These data suggested that neither
KIAA1429 nor ALKBH5 may directly regulate DDX6 mRNA in
HASMCs and HAECs.

Given that we had clarified the expression relationship
between DDX6 and KIAA1429 or ALKBH5, we further explored
the functional relationship between them. Through elevating
the level of DDX6 in KIAA1429-overexpressing HASMCs,
HAECs, and AngII-infused mice (Figures 8C,D), we found
that the enrichment of DDX6 could partly counteract the
effect of pro-proliferative effect on HASMCs, the anti-apoptotic
effect on HAECs, and the inhibitory effect on AD progression
in mice induced by KIAA1429 overexpression (Figures 8E–
I and Supplementary Figure 7E). Similarly, by reducing
the level of DDX6 (Figures 8J,K), we found that DDX6
knockdown also partially neutralized the role of ALKBH5
overexpression in the progression of AD in vitro and in vivo
(Figures 8L–P and Supplementary Figure 7F). Furthermore,
we also explored whether KIAA1429 and ALKBH5 also
exert their functions through direct binding to DDX6 by
performing the co-immunoprecipitation (Co-IP) assay. The
results showed that neither KIAA1429 nor ALKBH5 could
directly bind to DDX6 (Figures 8Q,R). Taken together,
our findings indicated that the miR-143-3p/DDX6 pathway
is the downstream effector of KIAA1429 and ALKBH5
affecting AD progression.

DISCUSSION

The biological functions and mechanisms of various chemical
modifications of DNA and protein have been extensively
investigated and elucidated (Gawinecka et al., 2017; Tchana-
Sato et al., 2018; Song et al., 2019). Nonetheless, the role
of RNA modifications remains mostly undiscovered, among
which m6A methylation is the most prevalent modification
on eukaryotic RNAs. With the advancement of m6A sequence
technology, m6A modification has gained increasing attention
in recent years (Lai et al., 2019; Sun et al., 2020). Numerous
studies revealed that dynamic m6A modifications closely
involve multiple physiological and biochemical processes,
including maturation of pri-miRNA, transcription splicing,
RNA stability, fate and functions of lncRNAs, and RNA–
protein interactions (Berger, 2002; Cantara et al., 2011). Based
on these findings, it is reasonable to speculate that m6A
modification may affect the onset and progression of AD.
To confirm the validity of our conjecture and to elucidate
its underlying molecular mechanism of action, we conducted
the present study.

In our study, we initially measured the expression levels
of multiple key genes related to m6A, including “writers,”
“readers,” and “erasers,” in aortic tissues derived from donors
and AD patients to identify the presence or absence of
differentially expressed genes. Results showed the significant low
expression of KIAA1429, m6A “writer,” and significant high
expression of ALKBH5, m6A “eraser,” in aortas from AD patients.

Moreover, we also demonstrated that KIAA1429 enhanced while
ALKBH5 reduced the m6A levels in HASMCs and HAECs by
using m6A dot blot assay. These findings implied that m6A
modification mediated by methyltransferase and demethylase
is indeed involved in AD progression. Subsequently, results
of a series of in vitro and in vivo functional experiments
uncovered an opposite role of KIAA1429 and ALKBH5 in
affecting the progression of AD. KIAA1429 can promote HASMC
proliferation, suppress HAEC apoptosis, and facilitate AD
progression in AngII-infused mice, while ALKBH5 plays the
exact opposite role.

Given that we had revealed the role of KIAA1429 and
ALKBH5 in AD development, we next intended to elucidate the
potential mechanism by which they function. The findings of
two recent studies that METTL14 suppresses the metastasis of
hepatocellular carcinoma by modulating pri-miRNA processing
via interacting with DGCR8 (Song et al., 2019), and that
METTL3 could positively modulate the pri-miRNA process
through interacting with the microprocessor protein DGCR8 (Lai
et al., 2019), suggest that m6A modification can influence disease
progression by affecting the binding of DGCR8 to pri-miRNAs.
Therefore, we herein assessed whether KIAA1429 and ALKBH5
influence AD progression also through the same mechanism. We
first screened out several candidate miRNAs whose expression
was regulated by KIAA1429 or ALKBH5 using bioinformatics
analysis and expression level detection, from which miR-143-3p
was selected as the target in this study because its expression
was both positively regulated by KIAA1429 and negatively
regulated by ALKBH5. Subsequently, we demonstrated that
KIAA1429 could enhance the binding of DGCR8 to pri-miR-
143-3p, resulting in the overall increase of mature miR-143-3p
and the consequent reduction of unprocessed primary miR-
143-3p. On the contrary, ALKBH5 attenuated the binding of
DGCR8 to pri-miR-143-3p and thus inhibited pri-miR-143-3p
processing, leading to the overall decline of mature miR-143-3p.
Furthermore, to clarify the functional mechanism of miR-143-3p
more clearly, we predicted and verified its target gene and finally
identified DDX6 as a direct target gene of miR-143-3p.

To further strengthen the persuasiveness of signaling
pathways revealed in this study, we then directly explored the
relationship between DDX6 and KIAA1429 or ALKBH5 at the
expression and functional levels. In terms of expression level,
KIAA1429 and ALKBH5 could down- or upregulate DDX6,
respectively, and it was worth noting here that they indirectly
regulated DDX6 levels through modulating pri-mir-143-3p
processing, rather than through direct binding to DDX6. In
terms of the influence on AD progression in vitro and in vivo,
DDX6 was found to be negatively positively correlated with
KIAA1429 and positively correlated with ALKBH5. These data
demonstrated that KIAA1429 and ALKBH5 could affect AD
progression via regulating the miR-143-3p/DDX6 pathway.

In addition, we explored whether two common epigenetic
mechanisms other than m6A modification are also associated
with the abnormal downregulation of miR-143-3p in aorta
tissues of AD patients. Firstly, we treated cells with multiple
DNA methyltransferase inhibitors and determined their effects
on miR-143-3p expression, whereas no significant difference
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FIGURE 8 | KIAA1429 and ALKBH5 affect AD progression via the miR-143-3p/DDX6 pathway. (A,B) After the binding site of the 3′-UTR region of DDX6 was
mutated, both the luciferase activity and the amount of DDX6 precipitated by m6A and IgG did not change significantly when KIAA1429 or ALKBH5 was disturbed.
(C,D) The effect of elevating DDX6 level in KIAA1429-overexpressing HASMCs, HAECs, and AngII-infused mice was detected. (E–I) The enrichment of DDX6 could
partly counteract the effect of the pro-proliferative effect on HASMCs, the anti-apoptotic effect on HAECs, and the inhibitory effect on AD progression in mice
induced by KIAA1429 overexpression. (J,K) The effect of reducing DDX6 level in ALKBH5-overexpressing HASMCs, HAECs, and AngII-infused mice was examined.
(L–P) The reduction of DDX6 could partly counteract the effect of the anti-proliferative effect on HASMCs, the pro-apoptotic effect on HAECs, and the promotional
effect on AD progression in mice induced by KIAA1429 overexpression. (Q,R) Neither KIAA1429 nor ALKBH5 could directly bind to DDX6. Data are presented as
the mean ± SEM (N ≥ 3 per group); *p < 0.05, **p < 0.01, and ns p > 0.05.
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was observed, suggesting that DNA methylation might not
be related to miR-143-3p expression in HASMCs and HAECs
(Supplementary Figure 6A). Subsequently, we investigated the
role of histone acetylation in miR-143-3p expression via treating
cells with various histone deacetylase (HDAC) inhibitors. The
results revealed that these HDAC inhibitors had no significant
influence on miR-143-3p level (Supplementary Figure 6B).
This conclusion was further confirmed by results showing that
the overexpression of HDAC also had no impact on miR-
143-3p expression (Supplementary Figure 6C). These findings
suggested that neither DNA methylation nor histone acetylation
is related to the decline of miR-143-3p, which further highlighted
the importance of m6A modification in influencing the onset and
progression of AD.

Although we tried our best to design our study as rigorously
and completely as possible, there are still limitations. One
limitation is that the clinical tissue specimen size needs to
be further expanded for reducing the likelihood of bias, such
as gender bias and age bias. A major obstacle to overcoming
this deficiency is that normal aorta samples are derived from
donations in China and the number of heart donors declared
brain dead is in short supply. Another shortcoming is that
we only investigated the function and mechanism of m6A
modification in two cell types with the highest relevance
to AD development in this study, HASMCs and HAECs.
Its role and potential function mechanism in other cell
types in the arterial vessel wall need to be further explored
in future studies.

In summary, our findings have revealed a novel connection
between m6A modification and AD progression. Concretely,
we found that KIAA1429 is downregulated while ALKBH5 is
upregulated in aortic tissues from AD patients. We demonstrated
that KIAA1429/ALKBH5-mediated m6A modifications can
regulate the processing of pri-miR-143-3p through interacting
with the microprocessor protein DGCR8. Furthermore,
KIAA1429 and ALKBH5 can oppositely regulate HASMC
proliferation, HAEC apoptosis, and AD progression in AngII-
infused mice via the miR-143-3p/DDX6 pathway. The findings
presented here reveal the role of m6A modification in AD
progression for the first time and may provide a novel molecular
basis for subsequent researchers to search for novel therapeutic
approaches to improve the health of patients struggling with AD.
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The RNA component of mitochondrial RNA-processing endoribonuclease (RMRP) was
recently shown to play a role in cancer development. However, the function and
mechanism of RMRP during cancer progression remain incompletely understood. Here,
we report that RMRP is amplified and highly expressed in various malignant cancers,
and the high level of RMRP is significantly associated with their poor prognosis, including
breast cancer. Consistent with this, ectopic RMRP promotes proliferation and migration
of TP53-mutated breast cancer cells, whereas depletion of RMRP leads to inhibition of
their proliferation and migration. RNA-seq analysis reveals AKT as a downstream target
of RMRP. Interestingly, RMRP indirectly elevates AKT expression by preventing AKT
mRNA from miR-206-mediated targeting via a competitive sequestering mechanism.
Remarkably, RMRP endorses breast cancer progression in an AKT-dependent fashion,
as knockdown of AKT completely abolishes RMRP-induced cancer cell growth and
migration. Altogether, our results unveil a novel role of the RMRP-miR-206-AKT axis
in breast cancer development, providing a potential new target for developing an
anti-breast cancer therapy.

Keywords: non-coding RNA, RMRP, miR-206, AKT, breast cancer

INTRODUCTION

The past decade has witnessed the growing importance of the non-coding RNAs (ncRNA) as critical
regulators of almost all biological aspects of human cancer (Esteller, 2011; Wolin and Maquat,
2019). Long non-coding RNAs (lncRNA) and microRNAs (miRNA) constitute the majority of
ncRNA (Garzon et al., 2009; Gibb et al., 2011). LncRNAs are a group of ncRNAs with >200
nucleotides (Schmitt and Chang, 2016), while miRNAs represent a group of small regulatory RNAs
with 18-23 nucleotides in length (Garneau et al., 2007; Fabian et al., 2010). Three modes of action
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have been proposed to illustrate how lncRNAs might function
in cancer (Schmitt and Chang, 2016; He et al., 2019). First, the
nuclear lncRNAs can modulate gene expression by controlling
local chromatin remodeling or directing the recruitment of
regulatory factors to specific promoter regions on chromosomes.
One prominent example is the p53-inducible large intergenic
non-coding RNA (lincRNA)-p21 that recruits hnRNP-K to the
proper genomic locations to globally repress gene transcription
(Huarte et al., 2010). Also, lncRNAs can interact with multiple
proteins to facilitate the formation of functional complexes or
perturb molecule interactions. For instance, lncRNA-ROR was
shown to inhibit p53 translation by binding to hnRNP-I and
preventing the interaction of the latter with p53 mRNA (Zhang
et al., 2013). Moreover, lncRNAs can associate with different
RNA molecules, such as mRNAs and microRNAs, to regulate
mRNA turnover and translation. It has been shown that a number
of highly expressed lncRNAs are able to act as competitive
endogenous RNAs (ceRNAs) to sequester microRNAs (miRNAs)
away from their mRNA targets (Tay et al., 2014). Because
of the increasingly complex network with the addition of
ncRNAs in cancer, more efforts are needed to thoroughly
dissect the molecular basis underlying the role of lncRNAs in
disease development.

The PI3K/AKT signaling pathway plays an important role in
cell fate decisions, including growth and proliferation, survival,
angiogenesis, metabolic remodeling, and chemoresistance
(Hoxhaj and Manning, 2020; Liu et al., 2020). Recently, lncRNAs
have been shown to play a critical role in the AKT pathway
(Peng et al., 2017; Revathidevi and Munirajan, 2019). LncRNA
AK023948 was found to functionally interact with DHX9
and the regulatory subunit of PI3K, p85, leading to AKT
activation (Koirala et al., 2017). LINK-A could facilitate AKT
and Phosphatidylinositol 3,4,5-trisphosphate [PtdIns(3,4,5)P3]
interaction and, as thus, induce enzymatic activation of AKT by
forming a trimeric complex (Lin et al., 2017). PCAT1 interacted
directly with FKBP51, thus perturbing the PHLPP/FKBP51
complex that is required for dephosphorylation of AKT at
Ser-473 (Shang et al., 2019). In this study, we identified a
lncRNA, the RNA component of mitochondrial RNA-processing
endoribonuclease (RMRP), as an additional regulator of the AKT
pathway as described below.

RMRP was found to be involved in the cleavage of the
RNA primer for mitochondrial DNA replication (Chang and
Clayton, 1987) and the precursor of ribosomal RNA (rRNA)
(Goldfarb and Cech, 2017). Mutation of RMRP was identified in
patients with cartilage-hair hypoplasia, a human ribosomopathy
characterized by metaphyseal dysplasia, anemia, and immune
dysregulation (Ridanpaa et al., 2001; Narla and Ebert, 2010).
RMRP also plays a role in cancer development. Mutations
in the RMRP promoter led to enhanced nuclear protein
binding to the promoter, consequently elevating transcription
of RMRP, which might be associated with cancer progression
(Rheinbay et al., 2017; Son et al., 2019). Moreover, RMRP
has been shown to act as a sponge for microRNAs and
promote gastric and lung cancer development (Meng et al.,
2016; Shao et al., 2016; Hussen et al., 2021). We recently
found that RMRP interacts with and sequesters SNRPA1 in

the nucleus, where the latter binds to wild type p53 (wt p53)
and promotes MDM2-mediated proteasomal degradation of wt
p53 in colorectal cancer (Chen et al., 2021). In breast cancer,
upregulation of RMRP partially resulted from its promoter
mutation (Rheinbay et al., 2017) or Wnt/Hippo activation
(Park and Jeong, 2015), but its biological function and the
underlying mechanism in this cancer remain unclear. Herein,
we report the wt p53-independent tumor-promoting function
of RMRP. We found that the RMRP gene is amplified and
overexpressed in a variety of human cancers, and the high
level of RMRP is significantly associated with poor prognosis of
multiple cancers, including breast cancer. Remarkably, RMRP
promoted proliferation and migration of TP53-mutated breast
cancer cells by activating the AKT signaling pathway. It did
so by preventing miRNA-206 from binding to its target AKT
mRNA. Our study establishes a role of the RMRP-miR-206-
AKT axis in breast cancer development, and provides these
molecules as potential biomarkers and therapeutic targets for
future developing treatments of the disease.

MATERIALS AND METHODS

Cell Culture and Transient Transfection
Human breast cancer cell lines JIMT-1 and BT549 were cultured
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 100 U/ml penicillin, and 100 µg/ml
streptomycin. All cells were cultured at 37◦C in an incubator
containing 5% carbon dioxide. Cells were seeded on the dish
at appropriate density one day before transfection, and then
transfected plasmids, siRNAs or the miRNA mimic/inhibitor
according to the manufacturer’s protocol of the Hieff Trans
liposomal transfection reagent (Yeasen, shanghai, China). Cells
were harvested at 24–48 h post transfection for immunoblotting
or RT-quantitative PCR (qPCR) analyses.

Plasmids, siRNAs, and miRNA Mimics
and Inhibitor
The plasmid expressing RMRP was purchased from Shanghai
Genechem (Shanghai, China). The pcDNA3-luc-mcs Dual-
Luciferase miRNA Target Expression Vector was a gift from
Shenglin Huang. pcDNA3-luc-mcs-AKT-3′UTR reporter
plasmids were generated by inserting the AKT 3′UTR
amplified by PCR into the pcDNA3-luc-mcs vector. SiRNAs
targeting RMRP and AKT were designed by the BLOCK-
iTTM RNAi Designer1 and synthesized by Genepharma
(Shanghai, China). The siRNA sequences are as follows,
siNC: UUCUCCGAACGUGUCACGU, siRMRP-1: CCUAG
GCUACACACUGAGGACU, siRMRP-2: GUUCGUGCUGAA
GGCCUGUAU, siAKT-1: GCACCUUCAUUGGCUACAA,
siAKT-2: GCGUGACCAUGAACGAGUU. The miRNA
mimics and inhibitors were designed and synthesized by
Genepharma. The sequences are as follows, double-stranded
hsa-miR-206 mimics: UGGAAUGUAAGGAAGUGUGUGG

1http://rnaidesigner.thermofisher.com/rnaiexpress/design.do

Frontiers in Cell and Developmental Biology | www.frontiersin.org 2 September 2021 | Volume 9 | Article 730538172

http://rnaidesigner.thermofisher.com/rnaiexpress/design.do
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-730538 September 15, 2021 Time: 17:32 # 3

Huang et al. Activation of AKT by RMRP

and ACACACUUCCUUACAUUCCAUU; and hsa-miR-206
inhibitor: CCACACACUUCCUUACAUUCCA.

Generation of Lentiviral Particles
The PWPXL-RMRP plasmid was generated by inserting the
full-length sequence of RMRP into the lentivirus-based PWPXL
vector. HEK293T cells were transfected with PWPXL-vector or
PWPXL-RMRP, along with the packaging plasmid psPAX2 and
the envelope plasmid pMD2.G. The virus particles were collected
48 h after transfection. The supernatant of 2-4 ml containing
virus particles was added to breast cancer cells, JIMT-1 and
BT549, for 24-36 h.

CRISPR/Cas9-Mediated Gene Editing
The CRISPR/Cas9 targeting vector lentiCRISPR v2 was
purchased from Addgene (Cambridge, MA, United States).
The sgRNA for RMRP was designed at http://crispr.mit.edu/,
and was cloned into the lentiCRISPR v2 vector at the BsmBI
site. The combination of sgRNAs was used to achieve the
best efficiency as previously described (Chen et al., 2021), and
two different clones, RMRP-KO#1 and RMRP-KO#2, were
selected for future experiments. The cells were infected with
the lentiviruses encoding the sgRNAs and selected by 1 µg/ml
puromycin for a week.

Reverse Transcription and Quantitative
PCR Analysis
Total RNAs were isolated from cells using RNAiso Plus (Takara,
Dalian, China) following the manufacturer’s protocol. Total
RNAs of 0.5 to 1 µg were used as templates for reverse
transcription using the PrimeScriptTM RT reagent Kit with
gDNA Eraser (Takara, Dalian, China). Quantitative RT-PCR
(RT-qPCR) was conducted using TB GreenTM Premix according
to the manufacturer’s protocol (Takara, Dalian, China). The
RT-qPCR primers GAPDH, U6, RMRP and AKT are as
follows, GAPDH: 5′-GGAGCGAGATCCCTCCAAAAT-3′ and
5-′GGCTGTTGTCATACTTCTCATGG-3′, U6: 5′-GCTTCGG
CAGCACATATACTAAAAT-3′ and 5′-CGCTTCACGAATTTG
CGTGTCAT-3′, RMRP: 5′-TGCTGAAGGCCTGTATCCT-3′
and 5′-TGAGAATGAGCCCCGTGT-3′, and AKT: 5′- AGCGA
CGTGGCTATTGTGAAG -3′ and 5′- GCCATCATTCTTGAG
GAGGAAGT-3′.

Immunoblotting
Cells were harvested and lysed in lysis buffer consisting of
50 mM Tris/HCl (pH7.5), 0.5% Nonidet P-40 (NP-40), 1 mM
EDTA, 150 mM NaCl, 1 mM dithiothreitol (DTT), 0.2 mM
phenylmethylsulfonyl fluoride (PMSF), 10 µM pepstatin A and
1 µg/ml leupeptin. Equal amounts of clear cell lysate (20–
80 µg) were used for immunoblotting (IB) analysis as described
previously (Zhou et al., 2013). anti-GAPDH (Catalog No. 60004-
1, Proteintech), anti-AKT (Catalog No. #9272, Cell Signaling
Technology, Danvers, MA, United States), anti-pAKT (Thr-308)
(Catalog No. #4056, Cell Signaling Technology, Danvers, MA,
United States), and the secondary antibodies for rabbit (Catalog
No. ARG65351, Arigo) and mouse (Catalog No. ARG65350,
Arigo) were commercially purchased.

Cell Viability Assay
To detect cell proliferation, the Cell Counting Kit-8 (CCK-8)
(Dojindo Molecular Technologies, Japan) was used according to
the manufacturer’s instructions. Cells (2000–5000) were seeded
per well in 96-well culture plates at 12 h post transfection.
Cell viability was determined by adding WST-8 at a final
concentration of 10% to each well, and the absorbance of the
samples was measured at 450 nm using a Microplate Reader every
24 h for 4–5 days.

Transwell Invasion Assay
The assay was performed using the transwell chamber inserts
in a 24-well plate. Briefly, 5 × 104 cells suspended in 200 µl
of serum-free medium were added to the upper chamber after
12 h post transfection. The lower chambers were filled with the
culture medium with 20% fetal bovine serum. After culture for
24–36 h at 37◦C, the cells on the upper surface were scraped
and washed away, while the cells on the lower surface were fixed
with methanol and stained with 0.1% crystal violet. The number
of invasive cells was counted in at least three randomly selected
fields under an optical microscope by image J software.

Luciferase Reporter Assay
HEK293T cells were seeded at 5 × 103 cells per well in
96 well plates. The cells were then co-transfected with the
combinations of the Renilla plasmid, the pcDNA3-luc-mcs-AKT-
3′UTR reporter plasmid, PWPXL or PWPXL-RMRP plasmid,
and the control or miR-206 mimics as indicated in the figure.
At 48 h post transfection, cells were lysed using passive lysis
buffer, and the Firefly and Renilla luciferase activities were
measured by the dual-luciferase assay kit (Promega, Madison,
WI, United States).

Databases of Cancer Patients
The ciBioPortal website was used for analyzing the mutation and
copy number variations of RMRP based on the TCGA database
(Cerami et al., 2012; Gao et al., 2013). The raw data of gene
expression were available in Gene Expression Omnibus database
(GSE76250) (Jiang et al., 2016). Cancer patient survival was
analyzed by the Kaplan-Meier Plotter website (Nagy et al., 2021).

Statistics
Statistical analyses were performed using GraphPad Prism 6
software or SPSS 19.0 software. Data of experiments are expressed
as mean ± standard deviation (SD) of at least three independent
experiments. The Student’s t test or one-way analysis of variance
was performed to evaluate the differences between two groups
or more than two groups. The Kaplan–Meier statistics were used
to analyze the significant difference of patient survival. p < 0.05
was considered statistically significant, and the asterisks represent
significance in the following way: ∗p < 0.05, ∗∗p < 0.01, and
∗∗∗p < 0.001.
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FIGURE 1 | RMRP is associated with poor survival of breast cancer patients. (A) The genomic alterations of the RMRP gene in various human cancers from the
TCGA database. (B) RMRP is expressed at a higher level in breast cancer compared to normal tissues from the GEO database. (C) The Kaplan-Meier analysis
shows that high expression of RMRP is correlated with unfavorable overall survival of breast cancer.

RESULTS

RNA Component of Mitochondrial
RNA-Processing Endoribonuclease Is
Associated With Unfavorable Prognosis
in Different Cancers
To explore the clinical relevance of RMRP in human cancers,
we analyzed the TCGA database and found that the RMRP
gene is amplified in multiple cancers (Figure 1A). Consistently,
the expression of RMRP was preferentially upregulated in
cancerous tissues compared to normal tissues (Figure 1B and
Supplementary Figure 1A) by mining the Gene Expression
Omnibus (GEO) and UALCAN databases (Chandrashekar et al.,
2017). In addition, the Kaplan–Meier analysis revealed that
the increased expression of RMRP is significantly associated
with unfavorable prognosis of various human cancers, including
breast cancer, head-neck carcinoma, lung adenocarcinoma,
pancreatic ductal adenocarcinoma, stomach adenocarcinoma,
and uterine corpus endometrial carcinoma (Figure 1C and
Supplementary Figure 1B). Therefore, these findings suggest
that RMRP may play an oncogenic role in cancer.

RNA Component of Mitochondrial
RNA-Processing Endoribonuclease
Promotes Proliferation and Migration of
Breast Cancer Cells
Since we previously showed that RMRP endorses cancer cell
growth by inhibiting the wt p53 pathway (Chen et al., 2021),
we wanted to determine if RMRP can function independently
of wt p53 or not. To do so, we selected the TP53-mutated
breast cancer cell lines, JIMT-1 and BT549, as the model
systems here by generating RMRP-stably overexpressing cell
lines (Figure 2A). Interestingly, ectopic RMRP still significantly
promoted the survival of these breast cancer cells (Figure 2C).

Conversely, using RMRP-knockout or -knockdown JIMT-
1 and BT549 cells (Figure 2B), we found that depletion
of RMRP significantly suppresses the growth of these cells
(Figure 2D). Of note, knockout of RMRP via CRISPR-Cas9
achieved a more profound inhibitory effect on cancer cell
growth (Figure 2D), because RMRP expression was more
markedly depleted in JIMT-1 cells (Figure 2B). Furthermore,
we found that ectopic expression of RMRP dramatically
promotes, while depletion of RMRP prohibits, breast cancer
cell migration (Figures 2E,F). Finally, we examined RMRP’s
function in wt p53-harboring breast cancer cells. As shown in
Supplementary Figure 2, overexpression of RMRP significantly
boosted, while knockdown of RMRP repressed, growth and
migration of MCF-7 (Supplementary Figures 2A,B) and
CAL-51 cells (Supplementary Figures 2C,D). Together, these
results demonstrate that RMRP can promote proliferation and
migration of breast cancer cells independently of wt p53.

RNA Component of Mitochondrial
RNA-Processing Endoribonuclease
Activates the AKT Pathway by
Upregulating Its Expression
To explore the molecular mechanism underlying the wt p53-
independent oncogenic effects of RMRP, we re-analyzed the
RNA-seq results from HCT116 cells as reported in our previous
study (Chen et al., 2021) and found that a myriad of genes are
dysregulated in response to RMRP knockout (Figure 3A). The
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
revealed the AKT signaling pathway as the most significantly
downregulated in RMRP-depleted cells (Figure 3B). To validate
this result, we determined if RMRP regulates the mRNA
expression of AKT by RT-qPCR in breast cancer cells. Indeed,
as shown in Figure 3C, overexpression of RMRP increased
the level of AKT mRNA. Consistently, depletion of RMRP
reduced the AKT mRNA level (Figure 3D). Consistently, ectopic
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FIGURE 2 | RMRP promotes proliferation and migration of breast cancer cells. (A) Efficiency of RMRP-PWPXL overexpression in JIMT-1 and BT549 cells was
evaluated by RT-qPCR. (B) Efficiency of CRISPR-Cas9-mediated knockout or RNAi-mediated knockdown of RMRP in JIMT-1 and BT549 cells was evaluated by
RT-qPCR. (C) Overexpression of RMRP prompts JIMT-1 and BT549 cell proliferation determined by the CCK-8 assay. (D) Depletion of RMRP represses JIMT-1 and
BT549 cell proliferation determined by the CCK-8 assay. (E) Overexpression of RMRP prompts JIMT-1 and BT549 cell migration determined by the Transwell assay.
(F) Depletion of RMRP prompts JIMT-1 and BT549 cell migration determined by the Transwell assay. **p < 0.01, ***p < 0.001.

RMRP dramatically increased the level of AKT protein as
well as its phosphorylated form in JIMT-1 and BT549 cells
(Figure 3E), while knockout or knockdown of RMRP resulted
in the significant reduction of AKT and phosphorylated AKT
in both breast cancer cell lines (Figure 3F). Collectively, these
results demonstrate that RMRP can activate the AKT signaling
pathway, which might account for its tumor-promoting functions
in breast cancer cells.

RNA Component of Mitochondrial
RNA-Processing Endoribonuclease
Induces AKT Expression by
Sequestering miR-206
Next, we wanted to determine how RMRP promotes AKT
expression. Since miRNAs have been documented to target
mRNAs for degradation and/or inhibit their translation (Bartel,
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FIGURE 3 | RMRP upregulates AKT expression. (A) Differentially expressed gene profile in response to RMRP knockout revealed by the volcano-map.
(B) Downregulated cancer-related pathways in response to RMRP knockout revealed by KEGG enrichment. (C) Overexpression of RMRP elevates AKT mRNA
expression in JIMT-1 and BT549 cells. (D) Depletion of RMRP reduces AKT mRNA expression in JIMT-1 and BT549 cells. (E) Overexpression of RMRP elevates AKT
protein expression and phosphorylated AKT in JIMT-1 and BT549 cells. (F) Depletion of RMRP reduces AKT protein expression and phosphorylated AKT in JIMT-1
and BT549 cells. *p < 0.05, **p < 0.01, ***p < 0.001.

2009), and also, lncRNAs can derepress mRNA expression by
sequestering these inhibitory miRNAs (Tay et al., 2014), we
decided to test if RMRP might also utilize this mechanism to
activate the expression of AKT. By searching the microRNA-
target interaction database, miRTarBase (Huang et al., 2020),
we identified miR-206 as a potential binder for both RMRP
and AKT (Figure 4A). To test this, we ectopically expressed
miR-206 mimics in JIMT-1 cells, and found that the levels of
AKT and phosphorylated AKT are indeed reduced (Figure 4B).

Remarkably, overexpression of RMRP completely abrogated
miR-206-mediated AKT inhibition (Figure 4B). Moreover,
miR-206 mimics significantly repressed the expression of
the luciferase reporter gene harboring the AKT 3′-UTR
(Figure 4C). Consistently, overexpression of RMRP abolished
miR-206 inhibition of the luciferase activity (Figure 4C).
Taken together, these results demonstrate that RMRP induces
AKT protein levels by overcoming miR-206’s inhibition
of its expression.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 September 2021 | Volume 9 | Article 730538176

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-730538 September 15, 2021 Time: 17:32 # 7

Huang et al. Activation of AKT by RMRP

FIGURE 4 | RMRP upregulates AKT expression by sponging miR-206. (A) Both RMRP and AKT are potentially targeted by miR-206 through the miRTarBase.
(B) miR-206 mimics-induced inhibition of AKT can be completely restored by RMRP overexpression. (C) The luciferase reporter assay was performed to show that
RMRP overexpression completely abrogates miR-206 mimics-induced inhibition of the reporter gene fused with the AKT 3′-UTR. **p < 0.01.

RNA Component of Mitochondrial
RNA-Processing Endoribonuclease
Negates miR-206-Mediated Repression
of Breast Cancer Cell Growth and
Migration
Given that miR-206 inhibits AKT expression (Figures 4B,C),
we next tested if miR-206 suppresses breast cancer cell
growth and migration. Delivery of the miR-206 inhibitor into
JIMT-1 and BT549 cells significantly triggered their proliferation
(Figure 5A). Consistently, the miR-206 inhibitor promoted
JIMT-1 and BT549 cell migration (Figure 5B). Also, miR-
206 mimics significantly reduced JIMT-1 and BT549 cell
proliferation and migration (Figures 5C,D), indicating that miR-
206 plays a tumor suppressive role in breast cancer. Importantly,
RMRP overexpression completely abolished miR-206’s tumor
suppressive activity (Figures 5C,D). These results demonstrate
that RMRP endorses breast cancer development by counteracting
the tumor suppression function of miR-206.

RNA Component of Mitochondrial
RNA-Processing Endoribonuclease
Promotes Breast Cancer Cell Survival
and Migration in an AKT-Dependent
Fashion
Finally, we determined if RMRP promotes breast cancer cell
growth and migration through activation of the AKT pathway.

The cell viability assay revealed that ectopic RMRP significantly
increases cancer cell growth, while knockdown of AKT by two
independent siRNAs blocks the tumor-promoting function of
RMRP in JIMT-1 and BT549 cells (Figures 6A,B). In addition,
the migratory potential of cancer cells was also evaluated through
the transwell assay. Consistently, ectopic RMRP dramatically
enhanced spread of JIMT-1 and BT549 cells, whereas depletion of
AKT completely abrogated RMRP-induced cancer cell migration
(Figures 6C,D). Taken together, these results demonstrate that
activation of the AKT pathway is required for RMRP-mediated
breast cancer survival and migration independently of wt p53.

DISCUSSION

RMRP has been shown to promote progression of various
cancers, including colorectal cancer (Chen et al., 2021), gastric
cancer (Shao et al., 2016), lung cancer (Meng et al., 2016),
and cholangiocarcinoma (Tang et al., 2019). Recently, it was
reported that recurrent mutations in the RMRP promoter are
associated with higher expression level of RMRP in breast
cancer, suggesting that this lncRNA may play a role in breast
carcinogenesis (Rheinbay et al., 2017). In this study, we found
that RMRP is amplified and overexpressed in numerous human
cancers including breast cancer, and its high expression level
is significantly associated with unfavorable cancer prognosis
(Figure 1 and Supplementary Figure 1). We then verified RMRP
as an oncogenic lncRNA, because it could drive breast cancer cell
growth and migration (Figure 2 and Supplementary Figure 2).
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FIGURE 5 | RMRP negates the tumor suppressive function of miR-206. (A) Inhibition of miR-206 promotes JIMT-1 and BT549 cell proliferation determined by the
CCK-8 assay. (B) Inhibition of miR-206 promotes JIMT-1 and BT549 cell migration determined by the Transwell assay. (C) RMRP overexpression abrogates miR-206
inhibition of cell proliferation determined by the CCK-8 assay. (D) RMRP overexpression abrogates miR-206 inhibition of cell migration determined by the Transwell
assay. **p < 0.01, ***p < 0.001.

Mechanistically, RMRP can activate the AKT signaling pathway
as demonstrated by RNA-seq, RT-qPCR and immunoblotting
analyses (Figure 3). Remarkably, RMRP induces AKT level
and activity by preventing miR-206-mediated inhibition of AKT
mRNA expression (Figure 4). Hence, our study as presented

above unveils a critical role of the RMRP-miR-206-AKT cascade
in breast cancer cell growth and migration (Figures 5–7).

Activation of the PI3K/AKT pathway is crucial to tumor
growth and propagation. In response to insulin, growth factors
or cytokines, the lipid kinase PI3K can be recruited to the plasma
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FIGURE 6 | Ectopic RMRP promotes breast cancer cell growth and migration dependently of AKT. (A) Knockdown of AKT restores RMRP-induced JIMT-1 cell
proliferation determined by the CCK-8 assay. (B) Knockdown of AKT restores RMRP-induced BT549 cell proliferation determined by the CCK-8 assay.
(C) Knockdown of AKT abolishes RMRP-induced JIMT-1 cell migration determined by the Transwell assay. (D) Knockdown of AKT abolishes RMRP-induced BT549
cell migration determined by the Transwell assay. ***p < 0.001.

membrane. PI3K then phosphorylates phosphatidylinositol 4,5-
bisphosphate [PtdIns(4,5)P2] to produce PtdIns(3,4,5)P3 that
serves as a second messenger to recruit AKT to the membrane,
where it is fully activated through phosphorylation at Thr-308
and Ser-473 (Alessi et al., 1996, 1997). In general, activated
AKT promotes cancer development via phosphorylation and
inhibition of the three key downstream effectors, GSK3
(Cross et al., 1995), TSC2 (Menon et al., 2014), and FOXO

(Brunet et al., 1999). The first identified AKT substrate, GSK3,
was found to mediate phosphorylation of c-MYC, SREBP,
NRF2, and HIF1α, leading to proteasomal degradation of these
oncoproteins. GSK3 is inactivated through phosphorylation
by AKT, which leads to derepression of these oncogenic
transcription factors and consequent cancer growth and
progression (Hoxhaj and Manning, 2020). Phosphorylation of
TSC2 by AKT activated the mTORC1-S6K/4E-BP pathway that
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FIGURE 7 | A schematic for RMRP induces AKT expression by inhibiting miR-206 in breast cancer. Under the physiological condition, miR-206 targets AKT mRNA
for rapid turnover or translational inhibition, leading to reduced cell proliferation and migration (left panel). In the context of RMRP overexpression, RMRP sequesters
miR-206 to unleash AKT activity, leading to enhanced breast cancer cell proliferation and migration (right panel).

is regarded as an energy-sensor to monitor metabolic changes
and support cancer cell growth (Valvezan and Manning, 2019),
while phosphorylation of FOXO transcription factors enhanced
tumorigenesis by influencing glycolysis, redox homeostasis, and
many other cell growth-associated pathways (Hornsveld et al.,
2018). Thus, our finding has emphasized the important role of
RMRP by activating AKT in breast cancer.

RMRP was originally identified as a causative gene for
cartilage-hair hypoplasia, because numerous mutations in the
RMRP gene caused the disease by affecting multiple organ
systems (Ridanpaa et al., 2001, 2002; Bonafe et al., 2002).
Later studies revealed that mutation or loss of expression of
RMRP results in the impairment of ribosome biogenesis and
deregulation of the cyclin-dependent cell cycle progression,
eventually leading to growth inhibition of the chondrocytic
and lymphocytic cell lineages (Hermanns et al., 2005; Thiel
et al., 2005). Indeed, genetic mouse models further verified the
essential role of RMRP during early embryonic development, as
homozygous inactivation of RMRP caused embryonic lethality
(Rosenbluh et al., 2011). Additionally, it was found that human
telomerase reverse transcriptase (hTERT) associates with RMRP
to form a distinct ribonucleoprotein complex that has RNA-
dependent RNA polymerase (RdRP) activity (Maida et al., 2009).
RMRP could be thus processed into a double-stranded RNA
with a hairpin structure and consequently endogenous siRNAs
that are important for proper development and differentiation
of skeletal, hair, and hematopoietic cells (Maida et al., 2013;
Rogler et al., 2014). Recently, RMRP was also found to be
involved in cancer development. The oncogenic transcription
factors, such as β-catenin, YAP, and c-MYC, can activate the
transcription of RMRP (Park and Jeong, 2015; Xiao et al.,
2019) that promotes tumor cell survival and propagation by
regulating the expression of, for example, Cyclin D2 and
KRAS (Meng et al., 2016; Shao et al., 2016). Importantly,
the existence of RMRP in the blood plasma exhibits a
diagnostic value for detection of lung cancer (Leng et al.,

2018; Yuan et al., 2020). However, the role of RMRP in breast
cancer remains unclear. We previously found that RMRP can
moderately promote proliferation of p53-deficient HCT116 cells,
suggesting a p53-independent role of RMRP, but the underlying
mechanism was elusive. In this study, we demonstrate that
this role is executed by sequestering miR-206 from targeting
AKT mRNA for degradation, consequently leading to AKT-
dependent breast cancer cell growth and migration. Similarly,
RMRP can act as a sponge of miR-206 in other types of
cancer (Meng et al., 2016; Shao et al., 2016). Although recent
studies suggested a potential role of RMRP in regulating
AKT in the ischemic models (Kong et al., 2019; Li and
Sui, 2020), our study demonstrates for the first time that
RMRP can promote breast cancer cell growth and migration
via AKT activation.

miR-206 is a vertebrate-specific microRNA that is involved
in a variety of human diseases, including skeletal and muscular
developmental disorders, heart failure, chronic obstructive
pulmonary disease, Alzheimer’s disease, and numerous types
of cancer (Novak et al., 2014). Studies showed that miR-206
can target estrogen receptor α (ERα), leading to inhibition of
the estrogen signaling pathway and as thus cell growth and
proliferation in breast cancer (Adams et al., 2007, 2009). miR-
206 also suppresses stem-like and metastatic features of breast
cancer by regulating the TWF1- MKL1-IL11 pathway (Samaeekia
et al., 2017). In line with these findings, we also showed
that miR-206 mimics repress JIMT-1 and BT549 cell growth
and migration (Figures 5C,D), while the miR-206 inhibitor
drives proliferation and migration of these cells (Figures 5A,B).
Although a few studies suggested that miR-206 indirectly
regulates the PI3K/AKT pathway by targeting c-Met or HDAC6
(Liu et al., 2017; Tang et al., 2017; Dai et al., 2018), our study
identified AKT as a direct target gene of miR-206, because
miR-206 mimics via its seed region significantly reduced the
expression of AKT and the luciferase reporter gene fused with the
3′-UTR of AKT (Figures 4B,C). Therefore, these results reveal an
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uncharacterized tumor suppressive role of miR-206 by targeting
the AKT pathway.

Our results indicate that the oncogenic effect of RMRP
on JIMT-1 and BT549 cells largely relies on AKT activation.
Given the fact that the expression of miR-206 can be repressed
by ERα (Adams et al., 2007), both JIMT-1 and BT549 that
were derived from ER- or triple-negative breast cancer patients
(Tanner et al., 2004; Grigoriadis et al., 2012; Tian and Zhang,
2018) should have high expression level of miR-206. Also,
because the expression of ER is extremely low in both breast
cancer cell lines, miR-206 may preferentially target AKT for
rapid turnover, as evidenced by the immunoblotting analysis
above (Figure 4B). In this scenario, miR-206 thereby plays
a critical role in restricting the AKT activity. Remarkably,
our data clearly demonstrate that RMRP can overcome miR-
206 inhibition of AKT (Figures 4B,C, 5C,D) and, as thus,
trigger AKT-dependent growth and migration of breast cancer
cells (Figure 6).

CONCLUSION

RMRP was recently found to play a role in cancer development,
but its function and the underlying mechanism in breast cancer
are largely unknown. Our study uncovers the RMRP-miR-206-
AKT regulatory axis as a new pathway that plays a critical role in
promoting the growth and migration of aggressive breast cancer
cells, which could serve as a potential target pathway for future
development of prognostic biomarkers or therapeutic strategies
for this type of cancer.
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Osteoporosis (OP) has the characteristics of a systematically impaired bone mass,
strength, and microstructure. Long non-coding RNAs (lncRNAs) are longer than 200 nt,
and their functions in osteoporosis is yet not completely understood. We first harvested
the bone marrow mesenchymal stem cells (BMSCs) from ovariectomy (OVX) and sham
mice. Then, we systematically analyzed the differential expressions of lncRNAs and
messenger RNAs (mRNAs) and constructed lncRNA–mRNA coexpression network
in order to identify the function of lncRNA in osteoporosis. Totally, we screened
743 lncRNAs (461 upregulated lncRNAs and 282 downregulated lncRNAs) and
240 mRNAs (128 upregulated and 112 downregulated) with significantly differential
expressions in OP compared to normal. We conducted Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional analyses to
investigate the functions and pathways of the differential expression of messenger
RNAs (mRNAs), a coexpressed network of lncRNA/mRNA. Quantitative PCR
(qPCR) validated that the expressions of NONMMUT096150.1, NONMMUT083450.1,
and NONMMUT029743.2 were all downregulated, whereas NONMMUT026970.2,
NONMMUT051734.2, NONMMUT003617.2, and NONMMUT034049.2 were all
upregulated in the OVX group. NONMMUT096150.1, as a key lncRNA in OP, was
identified to modulate the adipogenesis of BMSCs. Further analysis suggested that
NONMMUT096150.1 might modulate the adipogenesis of BMSCs via the peroxisome
proliferator-activated receptor (PPAR) signaling pathway, AMPK signaling pathway, and
the lipolysis regulation in adipocyte and adipocytokine signaling pathway. Our study
expands the understanding of lncRNA in the pathogenesis of OP.
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INTRODUCTION

Osteoporosis (OP) has the characteristics of a systematically
impaired bone mass, strength and microstructure, which
generates fracture risk and exhibits an association with
substantial pain, disability, and even death (Kanis et al.,
2019). Postmenopausal osteoporosis (PMOP) is the most
common primary osteoporosis (POP) and results from estrogen
deficiency (Rosen, 2000). Several studies indicate that the
imbalance differentiation of BMSCs plays a basic role in PMOP.
Nonetheless, it is yet elusive toward the underlining mechanisms
toward PMOP (Noh et al., 2020).

lncRNAs, a sort of non-coding RNAs with > 200 nt, are
largely reported to have an association with various diseases,
including osteoporosis (He et al., 2020; He and Chen, 2021).
lncRNA itself does not encode protein and regulates gene
expression at epigenetic, transcription, and posttranscriptional
levels (Dykes and Emanueli, 2017; Wang et al., 2019). lncRNA
regulates the expression of mRNA encoding protein by binding
to microRNAs (miRNAs) of specific sequences, so lncRNA is
called miRNA sponge (Yoon et al., 2014). Li et al. (2018)
identified that lncRNA Bmncr mediates age-related bone loss
via reversing the age-related alteration between osteogenesis and
adipogenic differentiation of BMSCs. Yin et al. (2021) reported
that lncRNAs (AK039312 and AK079370) exerted an inhibition
effect on the differentiation of osteoblast and the formation of
bone by suppressing osteogenic transcription factors via targeting
miR-199b-5p, then activating GSK-3β and in-depth inhibiting
the Wnt/β-catenin pathway. Knockdown of LNC_000052 could
promote osteogenesis and inhibit apoptosis of BMSCs via
the PI3K/Akt signaling pathway (Li et al., 2020). Increasing
study indicates that lncRNAs exhibit importantly in BMSCs
differentiation and osteoporosis. Nevertheless, it is not clear on
the roles of most lncRNAs in osteoporosis.

Here, we utilized RNA-sequencing to identify the differentially
expressed lncRNAs (DElncRNA) and mRNAs (DEmRNAs) of
BMSCs from sham and OVX mice. Subsequently, we constructed
a protein–protein interaction (PPI) network of DEmRNAs and
coexpressed networks of DElncRNA/DEmRNA and analyzed the
function of networks by GO and KEGG. We determined sectional
DElncRNAs expression by quantitative real-time PCR (qRT-
PCR). Our findings gave a new insight into clarifying lncRNAs’
regulatory role in PMOP.

MATERIALS AND METHODS

Ovariectomy Mouse Model
The animal experimental protocols got the approval of the
Animal Care and Experiment Committee of Fudan University.
Six-week-old C57BL female mice (about 20–24 g of weight) were
obtained from the Shanghai Model Organisms Center (Shanghai,
China). No obvious difference existed in mice’s weight at the
start. Twelve mice received an ovariectomy operation (OVX),
while another 12 mice received sham operation, after anesthesia
with intraperitoneal injection of pentobarbital sodium (50 mg/kg

body weight). We executed ovariectomy as previously described
(Gu et al., 2020).

Bone Mineral Density Measurement and
Micro-CT Analysis
At 6 weeks postoperation, we harvested the left femurs to
determine the bone mineral density (BMD) via dual-energy
X-ray absorptiometry (DXA; GE Healthcare, Piscataway, NJ,
United States). Then, we fixed the left femur with 4%
paraformaldehyde for 24 h and analyzed it by SkyScan-1176
microcomputed tomography (µCT) (Bruker microCT, Kontich,
Germany). The trabecular bone volume/tissue volume ratio
(BV/TV) of the distal femur was measured.

mBMSCs Culture
According to previous reports, bone marrow was flushed from
the femur and tibia and then isolated mBMSCs (Gu et al., 2020).
Taken briefly, at 6-week postoperation, the mice were euthanized.
We harvested the femur and tibia and removed the epiphyses of
individual bones. Bone marrow was washed from the diaphysis
by medium containing low-glucose Dulbecco’s modified Eagle’s
medium (DMEM) (LG-DMEM; Gibco BRL, United States),
10% fetal bovine serum (FBS) (Gibco BRL, United States),
2 mM glutamine, 1% streptomycin/penicillin. We obtained cell
suspension by repeatedly aspirating cells with the use of 20-
gauge needle. Cells (1 × 106) with indicated culture medium
were inoculated in 60 mm culture dish under 37◦C incubator
containing 5% CO2. We changed the medium twice 1 week and
utilized the cells with well status after three or five passages.

RNA Extraction, RNA-Sequencing, and
Analysis of Differentially Expressed
Genes
MiRNA isolation kit (Ambion, Austin, TX, United States) was
applied to extract the whole RNA from BMSCs of three mice in
an individual group. TruSeq stranded total RNA with Ribo-Zero
Gold (Illumina, San Diego, CA, United States) was employed
to generate the libraries as the manual described. RNA was
sequenced on the Illumina sequencing platform (HiSeqTM2500;
Shanghai Oebiotech Co., Ltd., Shanghai, China). Paired-end
reads (125 bp/150 bp) were generated. Then, lncRNAs and
mRNAs with the differential expression between the sham and
OVX mice were identified by DESeq software packages.1 The
differentially expressed genes were identified with the criteria
of fold change > 2; p < 0.05. TBtools was used to analyze the
distribution of DElncRNAs and DEmRNAs on chromosomes
(Chen et al., 2020).

Functional Annotation of DEmRNA and
DElncRNA-Correlated mRNAs
The Gene Ontology (GO) was conducted to explore DEmRNAs
and lncRNA coexpressed mRNAs’ biological functions. Kyoto
Encyclopedia of Genes and Genomes (KEGG) was employed to
uncover the pathways of DEmRNAs and lncRNA coexpressed

1http://bioconductor.org/packages/release/bioc/html/DESeq.html
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TABLE 1 | Primers for qRT-PCR in the experiment.

Gene symbol Forward primer Reverse primer

NONMMUT096150.1 GCCGTCCTTACAGGAGTGAA GGTTTCCGCACGGGATGTA

NONMMUT083450.1 TTTGAGGGCCTCTCTAGCCT CAGACCTAGCAGATGGAGCG

NONMMUT029743.2 GAGCAAGTTGTGTGTGCCAG CAAAACCCTGACCTTGCAGC

NONMMUT026970.2 TTCTCCCTCGTTACCCGACT CCTCAACGGAGACACACTCC

NONMMUT051734.2 ACTGCCTTTCCTTGTCCCTG TGTGCTGTGAACCAAGCTGA

NONMMUT003617.2 TTAGAAGCATCCCGTGGTCC TTCTCAGACTGTCCTCGGGT

NONMMUT034049.2 CGCACCATTGCACTTGTTGA AACAAAGCCTGCCTCTCTCC

β-actin ATCATGTTTGAGACCTTCAA CATCTCTTGCTCGAAGTCCA

FIGURE 1 | Evaluation of the OVX mouse model. (A) The 3D micro-CT images of the distal and middle femurs. (B) OVX mice had lower BMD as compared to the
controls. (C) BV/TV of femurs were measured by micro-CT. *p < 0.05 vs Sham group.

mRNAs. p < 0.05 means there is a statistically significant
difference regarding the GO terms and pathways.

DElncRNA–DEmRNA Coexpression
Analysis
DElncRNA–DEmRNA coexpression analysis was taken to
investigate DElncRNAs’ roles in osteoporosis. We analyzed
DElncRNAs and DEmRNAs referring to the criteria of fold
change > 2, p < 0.05. DElncRNA–DEmRNA pairs with
correlation coefficient ≥ 0.98 and p < 0.05 were selected in the
analysis. We visualized the coexpression network utilizing the
software Cytoscape 3.7.0, and we measured the nodes’ centrality
in the coexpression network by K-core analysis.

DElncRNAs Validation
Seven DElncRNAs were validated by qPCR. The cDNAs were
reversed transcribed from RNA utilizing the NCodeTM EXPRESS
SYBR R© GreenERTM miRNA qPCR kit (Invitrogen, Carlsbad, CA,
United States). We conducted qPCR reaction on the GeneAmp
PCR system 9600 (Perkin Elmer, United States). All primers
were obtained from Sangon Biotech (Shanghai, China), and their
sequences are shown in Table 1. The relative lncRNAs expression
was obtained after normalization to β-actin. 2−1 1 Ct method
was applied to calculate the expression level of each lncRNA.

Statistical Analysis
All representative data was analyzed by SPSS 22.0 (IBM Corp.,
Armonk, NY, United States). The data were shown as the

mean ± standard deviation (SD). The difference existing in two
and more groups were determined by Student’s t-test and one-
way analysis of variance (ANOVA), respectively. The fold change
of each lncRNA expression was shown after calculation by the
2−1 1 Ct method. p < 0.05 means that there is a significant
difference in compared groups.

RESULTS

Ovariectomy Mice Model Evaluation
We evaluated the OVX mice model as the methods described
before. We harvested left femurs after 6 weeks of operation and
tested them. A reduced bone formation was indicated by micro-
CT in the OVX group (Figure 1A). The BMD and bone volume
(BV)/total volume (TV) of OVX mice were shown to reduce in
comparison with the sham group (Figures 1B,C).

DElncRNAs and DEmRNAs in Bone
Marrow Mesenchymal Stem Cells of
Ovariectomy Mice
The gene expression variation between OVX and sham groups
was assessed by heat map analysis and volcano plots (Figure 2).
In this study, the DElncRNAs and DEmRNAs were identified.
In total, 743 DElncRNAs were identified in OVX mice,
including 461 upregulated lncRNAs, and 282 downregulated
lncRNAs; the top 10 DElncRNAs were NONMMUT026970.2,
NONMMUT010789.2, NONMMUT016319.2, NONMMUT0
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FIGURE 2 | Expression profiles of lncRNAs and mRNAs. (A) Cluster analysis of differentially expressed lncRNAs. (B) Cluster analysis of differentially expressed
mRNAs. Red indicates increased expression, and blue denotes decreased expression. (C) The volcano plot of differentially expressed lncRNAs. (D) The volcano plot
of differentially expressed mRNAs.

51734.2, NONMMUT036562.2, NONMMUT015053.2, NON
MMUT069358.2, NONMMUT034071.2, NONMMUT038202.2,
and NONMMUT026990.2 (Supplementary Table 1). Two
hundred forty DEmRNAs were identified in OVX mice,
including 128 upregulated and 112 downregulated; the top 10
DEmRNAs were Scd1, Plin1, Cyp2f2, Cfd, Cidec, Thrsp, Fabp4,
A2m, Glb1l2, and Cxcl14 (Supplementary Table 2).

These DElncRNAs and DEmRNAs were distributed in all
chromosomes including chromosomes X and Y (Figure 3A).
The DElncRNAs (totally 743) were classified into six categories:
332 were intergenic, 60 were intronic sense, 32 were intronic

antisense, 189 were exonic sense, 62 were exonic antisense, and 68
were others. There were no overlaps between the four categories,
including intronic and antisense, and exonic sense and antisense
(Figure 3B). Intergenic and exonic sense lncRNAs constituted the
largest number in all DElncRNAs and comprised 44.7 and 25.4%,
respectively (Figure 3C).

Functional Analysis of DEmRNAs
In order to forecast the function of DElncRNAs in osteoporosis,
we first analyzed the functions of DEmRNAs via GO and
KEGG pathway analyses, which provided a clue about
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FIGURE 3 | Identification of differentially expressed long non-coding RNAs (lncRNAs) in OVX. (A) Circos plot showing lncRNAs and mRNAs on mouse
chromosomes. From the outside in, the first layer of the Circos plot is a chromosome map of the mouse genome. The second layer represent the distribution of
DElncRNA in mouse chromosomes. Red indicates increased expression, and blue denotes decreased expression. The third layer represent the mean expression
values of significantly differentially changed lncRNAs in OVX. The fourth circle represent the distribution of DEmRNA in mouse chromosomes. The fifth layer represent
the mean expression values of significantly differentially changed mRNAs in OVX. Red indicates increased expression, and blue denotes decreased expression.
(B) Venn diagram presents overlapping relationships, and the numbers indicate lncRNA counts. (C) Types and counts of differently regulated lncRNAs classified into
six categories according to the genomic loci of their neighboring genes.

osteoporosis. The significantly enriched GO targeted by
mRNAs with up- and downregulation primarily participated
in cardiac muscle contraction, skeletal muscle contraction,
the transition between fast and slow fiber, and brown fat cell
differentiation (Figures 4A,B and Supplementary Tables 3, 4).
The KEGG pathway analysis revealed that mRNAs with up-
and downregulation were mostly enriched in the peroxisome
proliferator-activated receptor (PPAR) signaling pathway and
cardiac muscle contraction, respectively (Figures 4C,D and
Supplementary Tables 5, 6). The top 20 significantly enriched
pathways were employed to construct a pathway network
to expound the important pathways in the development of
osteoporosis. The PPAR signaling pathway, lipolysis regulation
in adipocyte, adipocytokine signaling pathway, and mitogen-
activated protein kinase (MAPK) signaling pathway, which
were involved in osteogenesis and adipogenesis of BMSCs,
were included in the network and exchanged with each other
(Figure 4E). We constructed DEmRNAs network by Search
Tool for the Retrieval of Interacting Genes/Proteins (STRING)
database to further unearth genes’ function at the protein
level. The interactions among DEmRNAs were evaluated by
the medium confidence score (0.4). One hundred sixty-eight
nodes and 440 edges were included in the network (Figure 5A).
The k-core of nodes was calculated, and the 30 highest k-core
DEmRNAs are shown in Figure 5B. The top 10 hub DEmRNAs

include Cfd, Adipoq, Tnni1, Lep, Myl2, Casq2, Csrp3, Myl3,
Myoz2, and Actn2. These 30 DEmRNAs constituted two
important subnetworks, which were enriched in the PPAR
signaling pathway, adipocytokine signaling pathway, and AMPK
signaling pathway, involving in the differentiation of BMSCs
(Figures 5C,D).

lncRNA–mRNA Coexpression Network in
Osteoporosis
We performed lncRNA–mRNAs coexpression analysis and
constructed the coexpression networks to identify the function of
lncRNAs in osteoporosis. The coexpression network of lncRNA–
mRNA (correlation coefficient ≥ 0.98) was constructed using
Cytoscape3.5.1 (Figure 6) and included 608 network nodes and
1,125 connections. The k-core of network nodes was calculated,
and the results (k-core ≥ 5) are shown in Supplementary Table 7.
The three highest k-core lncRNAs were NONMMUT054704.2,
NONMMUT005069.2, and NONMMUT096150.1.

Functional Analysis of the Coexpression
Network
To elucidate DElncRNA’s biological role, we illustrated mRNAs
coexpressed with lncRNA by GO (Supplementary Table 8)
and KEGG (Supplementary Table 9). The top 30 GOs are
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FIGURE 4 | Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of mRNAs in OVX. GO annotations of up (A) and down
(B) regulated mRNAs with top 10 enrichment scores of biological processes. KEGG pathway enrichment analysis of up (C) and down (D) regulated mRNAs with top
20 enrichment scores. Interaction and overlapping of associated molecules among significant pathways (E). Hexagons represent the most significantly enriched
pathways; ellipses indicate mRNAs that act as the link hinge between the pathways.
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FIGURE 5 | Protein-protein interaction networks by Search Tool for the Retrieval of Interacting Genes/Proteins (STRING). STRING software constructed the
differentially expressed mRNAs (fold change ≥ 2, and P < 0.05) network based on protein-protein interactions (A). A confidence score that calculated for all protein
interactions based on experimentally and computationally interaction was set as the medium (>0.4). Thirty top k-score genes involved in the network (B). Thirty top
k-score genes constitute the subnetworks (C). KEGG pathway annotations of the network (D).

shown in Figure 7A. GO terms, such as positive regulation
of inflammatory response to an antigenic stimulus, protein
localization to nuclear pore, and megakaryocyte differentiation,
were significantly enriched. The enriched signaling pathways
(p < 0.05) can be a reflector of lncRNAs’ function in osteoporosis.
NONMMUT096150.1 was shown as an example by flow
chart analysis (Figures 7B,C). mRNAs that coexpressed with
NONMMUT096150.1 are shown in Figure 7B. The function of
NONMMUT096150.1 was annotated by their connections with
mRNAs. The top 20 enriched KEGG pathways were identified
in these DEmRNAs coexpressed with NONMMUT096150.1
(p < 0.05, Figure 7C), including PPAR signaling pathway,
lipolysis regulation in adipocyte, and adipocytokine signaling

pathway. The functional annotation indicates that the lncRNA
may have multiple functions in osteoporosis.

Validation of Differentially Expressed
lncRNA in Ovariectomy vs. Sham Control
Seven DElncRNAs were validated by qPCR in this study.
We chose three lncRNAs with downregulated expression in
the OVX group, namely, NONMMUT096150.1, NONMM
UT083450.1, and NONMMUT029743.2, and four lncRNAs
with upregulated expression in OVX group, namely,
NONMMUT026970.2, NONMMUT051734.2, NONMMUT003
617.2, and NONMMUT034049.2 for qPCR validation.
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FIGURE 6 | Coexpression networks constructed by weighted correlation network analysis. Circle, mRNA; diamond, long non-coding RNA; line, correlative
relationship. Different sizes and colors represent the corresponding k-core scoring.

Consistent with the sequencing findings, we verified
that NONMMUT096150.1, NONMMUT083450.1, and
NONMMUT029743.2 were all downregulated, whereas
NONMMUT026970.2, NONMMUT051734.2, NONMMUT003
617.2, and NONMMUT034049.2 were all upregulated in the
OVX group, as shown in Figure 8. Thus, the qPCR results fully
supported the reliability of lncRNA expression profiles of OVX
by sequencing analysis.

lncRNA NONMMUT096150.1 Involved in
the Adipogenesis Through Transcription
Factor Association Analysis
The GO and KEGG analysis showed that NONMMUT096150.1
was involved in the adipogenesis of BMSCs. Furthermore,
the qPCR results validated that NONMMUT096150.1 was

downregulated in BMSCs from OVX mice. In order to
understand how lncRNA NONMMUT096150.1 functioned in
osteoporosis, we had the deeper analysis of NONMMUT096150.1
through transcription factor association analysis. In this study,
we identified five coexpressions between NONMMUT096150.1
and transcription factors (TFs), including Hoxa13, Pax6, Nr0b2,
Prdm16, Msx1, and Pitx1, and 156 relations between TFs and
mRNAs. Figure 9A shows that Cytoscape 3.5.1 was employed
to construct the coexpression network of NONMMUT096150.1-
TFs-mRNAs. The mRNAs in this network were annotated
by GO and KEGG pathway analysis to investigate in-depth
NONMMUT096150.1’s functions in osteoporosis. GO analysis
showed that GO terms (calcium ion binding, troponin complex,
and cardiac muscle contraction) were greatly enriched. The
top 30 terms are shown in Figure 9B. A total of 17
enriched KEGG pathways exhibited great enrichment (p < 0.05,
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FIGURE 7 | Gene Ontology (GO) annotations for long non-coding RNAs (lncRNAs) in in OVX. (A) The figure shows top 10 most enriched GO for DelncRNA in
ontologies of biological processes, cellular component, and molecular function. (B) mRNAs that coexpressed with lncRNA RP11-222K16.2. Weighted correlation
network analysis based on Pearson’s correlation was used to estimate the correlation coefficient between the lncRNA and coding genes, and the soft threshold was
set at 0.8. (C) KEGG pathway annotations of the lncRNA NONMMUT096150.1.

Supplementary Table 10). The top 10 pathways are displayed
in Figure 9C, including the PPAR signaling pathway, AMPK
signaling pathway, and lipolysis regulation in adipocyte and
adipocytokine signaling pathway. The functional annotation
indicates that the lncRNA NONMMUT096150.1 may function as
an adipogenesis regulatory in OP.

DISCUSSION

The imbalanced bone formation and resorption induced by
various factors, such as genetic interaction, epigenetic, and

environmental, was the basic pathogenesis of OP (Bristow
et al., 2014). Several studies have explored the molecular
mechanisms of OP; however, the role of lncRNAs in OP
has just begun to be understood, and most of them have
not yet been investigated. Here, we identified the DElncRNAs
and DEmRNAs between OVX and sham mice using RNA-
sequencing. Subsequently, we constructed the coexpression
network of lncRNA/mRNA and performed GO and KEGG
pathway analyses to uncover lncRNAs’ biological functions in the
pathogenesis of OP. We verified the primary lncRNAs expression
by qPCR and also explored their function by functional
experiments. Our work indicates a coexpression lncRNA/mRNA
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FIGURE 8 | Validation of DElncRNA expression by qRT-PCR between OVX mice and controls. *p < 0.05 vs Sham group.

network involved in the development of OP, indicating that
lncRNAs functioned importantly.

In the present study, we identify 240 DEmRNAs in OVX,
compared with control mice, via RNA-seq. Some of the
DEmRNAs are reported to be involved in OP in previous
studies. Adig, as an adipocyte-enriched transmembrane protein,
is essential for adipogenesis (Kim et al., 2005). The deficiency
of Adig-reduced plasma leptin levels regulated by fat mass and
exposed an impairment of leptin secretion from adipose explants
(Alvarez-Guaita et al., 2021). Fabp3 is reported to promote
adipogenesis and inhibit osteogenesis of BMSCs. Accumulation
of Fabp3 leads to the occurrence of OP through impaired
osteogenesis of BMSCs, while knockdown of Fabp3 reduces
bone loss in aged mice (Liu et al., 2020). DKK3 is reported
to negatively regulate the osteogenesis of rat dental follicle
cells (Zhang et al., 2017). Ambn is reported to modulate the
osteogenic capacity of BMSCs (Stakkestad et al., 2017). Lu
et al. (2016) found that Ambn stimulates long bone growth
and increases osteogenic gene expression and proliferation of
osteoblast via modulating the production of extracellular matrix
and the properties of cell adhesion in the long bone growth
plate. The GO and KEGG pathway analyses indicated that the
DEmRNAs participated in the OP pathogenesis. The upregulated
DEmRNAs were involved in adipocytokine signaling pathway,
apelin signaling pathway, AMPK signaling pathway, and PPAR
signaling pathway, while the downregulated DEmRNAs were
involved in the estrogen signaling pathway and MAPK signaling
pathway. There was crosstalk between each signaling pathway via
several mRNAs. Furthermore, we constructed the PPI network
of DEmRNAs via STRING. The top 30 highest k-core nodes
were selected and constructed to the subnetwork. The KEGG
analyses of this subnetwork revealed that the 30 nodes took
part in adipogenesis signaling pathways, including adipocytokine
signaling pathway, PPAR signaling pathway, AMPK signaling
pathway, and apelin signaling pathway. Previous studies have
shown that ginsenoside Rg3 reduces osteoporosis caused by

ovariectomy through the AMPK/mTOR signaling pathway
(Zhang et al., 2020). Exosomes derived from bone marrow
mesenchymal stem cells promote the proliferation of osteoblasts
through the MAPK pathway to improve osteoporosis (Zhao
et al., 2018). Isopsoralen regulates PPAR-γ/Wnt to inhibit
oxidative stress in osteoporosis (Wang et al., 2018). In summary,
DEmRNAs may participate in the development of osteoporosis
by regulating related signal pathways.

We identified 743 DElncRNAs in OVX mice, with 461
upregulation, and 282 downregulation. The biological functions
of lncRNAs are closely related to the mRNAs that they regulate.
We constructed the coexpression network of DElncRNAs
and DEmRNAs and analyzed the function by bioinformatics.
The results indicated that this coexpression network was
involved in the differentiation of BMSCs. Four lncRNAs
might have been validated in BMSCs of OVX. Among them,
NONMMUT096150.1 gained our attention, as its k-core was high
in the coexpression network, and its expression is downexpressed
in OVX. One hundred thirty-nine mRNAs coexpressed with
NONMMUT096150.1; furthermore, KEGG analysis showed that
the lncRNA may regulate the adipogenesis of BMSCs. In our
previous study, we have indicated that the adipogenesis of BMSCs
in OVX mice is upregulated (Gu et al., 2020).

The lncRNAs mediated mRNAs expression regulation by
modulating the expression and/or function of TFs (Wang et al.,
2021). Therefore, we further define the function of lncRNA
NONMMUT096150.1 through transcription factor association
analysis. The coexpression network of NONMMUT096150.1-
TFs-mRNAs is constructed. There are six TFs, including Hoxa13,
Pax6, Nr0b2, Prdm16, Msx1, and Pitx1, in this coexpression
network. Overexpression of Hoxa13 stimulates the osteogenic
differentiation of MC3T3-E1 via increasing the protein level
of β-catenin (Li et al., 2021). Pax6 is reported to be a
negative regulator of osteoclastogenesis and attenuates the OC
differentiation via activation of Acp5 gene (Kogawa et al.,
2013). Another study shows that p38/β-catenin/Pax6 axis could
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FIGURE 9 | Coexpression network of NONMMUT096150.1-TFs-mRNAs in the OVX mouse model. (A) NONMMUT096150.1-TFs-mRNAs networks in OVX mice.
(B) The top 10 GO enrichment analyses of cellular component, molecular function and biological process. (C) KEGG pathway annotations of the network.

inhibit osteoclastogenesis (Jie et al., 2019). Nr0b2 is proved
to regulate the transcriptional activity of Runx2 and promote
osteoblast differentiation and bone formation (Jeong et al., 2010).
MiR-23a cluster mediated osteogenic differentiation regulation
by modulating the transforming growth factor beta (TGF-β)
signaling pathway after targeting Prdm16 (Zeng et al., 2017).
Msx1 is reported to enhance the osteogenic differentiation
of multipotent muscle satellite cells and human dental pulp

stem cells (Goto et al., 2016; Ding et al., 2017). Pitx1, which
inhibits Wnt pathway and the self-renewal of mesenchymal
stem cells, induced senile osteoporosis in mice (Karam et al.,
2019). The GO terms of this network, including calcium ion
binding, hormone activity, and extracellular space, regulated the
pathological process of OP. KEGG pathway analyses show that
this network is involved in PPAR signaling pathway, AMPK
signaling pathway, and lipolysis regulation in adipocyte and
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adipocytokine signaling pathway. These results indicate that
the lncRNA NONMMUT096150.1 might directly or indirectly
regulate the adipogenesis of BMSCs. Further work needs to be
carried out to explore the lncRNA’s biological functions.

This study has some limitations. First, the expression level
of key DEmRNAs needs to be verified by qRT-PCR. Second,
the prognostic value of key lncRNAs and genes and their role
in the development of PMOP need to be further explored
through experiments. In future research, we will further explore
the relationship between the expression levels of key lncRNAs
and genes and the prognosis of OP patients, and the specific
regulatory mechanisms of key lncRNAs and genes.

In this study, we first systematically identified OP-associated
lncRNAs in OVX mice and constructed lncRNAs/mRNAs
coexpression network. The lncRNAs played crucial roles in the
differentiation of BMSCs during OP. The NONMMUT096150.1
was verified by network and bioinformatics to be a key lncRNA
in OP, regulating the adipogenesis of BMSCs. The data further
deepened our understanding of lncRNAs along with their
functions in the pathogenesis of OP. Nevertheless, more and
more verification is needed to explore the detailed mechanism of
lncRNAs under OP.
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Background: Crosstalk of circular RNAs (circRNAs) and microRNAs (miRNAs) refers
to the communication and co-regulation between them. circRNAs can act as miRNAs
sponges, and miRNAs can mediate circRNAs. They interact to regulate gene expression
and participate in the occurrence and development of various human diseases.

Methods: Publications on the crosstalk between miRNAs and circRNAs in human
diseases were collected from Web of Science. The collected material was limited
to English articles and reviews. CiteSpace and Microsoft Excel were used for
bibliographic analysis.

Results: A total of 1,013 papers satisfied the inclusion criteria. The publication outputs
and types of researched diseases were analyzed, and bibliographic analysis was used to
characterize the most active journals, countries, institutions, keywords, and references.
The annual number of publications remarkably increased from 2011 to 2020. Neoplasm
was the main research hotspot (n = 750 publications), and Biochemical and Biophysical
Research Communications published the largest number of papers (n = 64) on this
topic. Nanjing Medical University ranked first among institutions actively engaged in
this field by publishing 72 papers, and China contributed 96.84% of the 1,013 papers
(n = 981 publications) analyzed. Burst keywords in recent years included glioblastoma,
miR-7, skeletal muscle, and non-coding RNA.

Conclusion: Crosstalk between miRNAs and circRNAs in human diseases is a popular
research topic. This study provides important clues on research trends and frontiers.

Keywords: microRNA, circular RNA, crosstalk, bibliography, cancer

INTRODUCTION

MicroRNAs (miRNAs) are endogenous non-coding RNAs (ncRNAs) measuring ∼22 nucleotides
in length; they were first discovered in 1993 (Lee et al., 1993; Bartel, 2004). Lee et al. (1993)
reported that lin-4 negatively regulates the expression of lin-14 protein by binding to the 3′-
untranslated region (3′UTR) of lin-14 messenger RNA (mRNA) in Caenorhabditis elegans. miRNAs
are crucial post-transcriptional regulators of gene expression and known to pair with the 3′UTR of
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target mRNAs to either induce mRNA degradation or inhibit
translation (Bartel, 2009). Moreover, these RNAs have been
reported to be involved in the processes of various diseases, such
as cancer (Iacona and Lutz, 2019; Iqbal et al., 2019), chronic pain
(Lopez-Gonzalez et al., 2017; Tramullas et al., 2018), and cardiac
diseases (Colpaert and Calore, 2019; Fitzsimons et al., 2020).

Circular RNAs (circRNAs) are endogenous ncRNAs with
covalent closed-loop structures that were first discovered in
viral RNA by Sanger et al. (1976). circRNAs possess high
stability on account of their unique structure, which protects
them from degradation by exonucleases (Jeck et al., 2013).
This type of RNA has been confirmed to modulate gene
expression by acting as miRNA sponges (Hansen et al., 2013a;
Memczak et al., 2013) or RNA binding protein regulators (Li
et al., 2015). Similar to miRNAs, circRNAs are involved in
a number of human diseases, such as cancer (Wang et al.,
2017; Patop and Kadener, 2018), neurodegenerative disorders

(Floris et al., 2017; Huang et al., 2020), and cardiovascular
diseases (Aufiero et al., 2019; Zhang et al., 2020).

Crosstalk of circRNAs and miRNAs refers to the
communication and co-regulation between them. As two
important gene-expression regulators, circRNAs interact with
miRNAs and participate in regulating mRNA expression in
various human diseases (Hansen et al., 2013a; Kristensen
et al., 2019). Crosstalk between miRNAs and circRNAs has
been extensively studied, but the relevant mechanisms remain
incompletely understood. To date, two mechanisms have been
identified: (1) circRNAs act as miRNA inhibitors/sponges.
ciRS-7 (circular RNA sponge for miR-7), one of the most typical
circRNAs, has been observed to show overlapping co-expression
with miR-7 in mouse brain. ciRS-7 can sponge miR-7 to inhibit
miR-7 activity extensively, thereby increasing the levels of
miR-7 target genes (Hansen et al., 2013a). (2) miRNAs mediate
circRNAs. ciRS-7, also known as CDR1as, has been confirmed

FIGURE 1 | The number of publications and citations. (A)The number of annual publications on the crosstalk between microRNAs and circular RNAs from 2011 to
2021; (B) The number of annual citations on the crosstalk between microRNAs and circular RNAs from 2011 to 2021.
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to be cleaved by Argonaute 2 via miR-671 mediation in cultured
cells (Hansen et al., 2011) and mouse brain (Kleaveland et al.,
2018). Furthermore, ciRS-7 and its crosstalk with miRNAs have
been found to exert a significant effect on sensorimotor gating
and synaptic transmission (Piwecka et al., 2017).

Crosstalk between circRNAs and miRNAs may provide
new avenues through which the mechanisms, diagnosis, and
treatment of human diseases could be explored. Thus, in the
present work, we provide a bibliographic analysis of the related
literature to identify current global research trends and emerging
topics in this field.

MATERIALS AND METHODS

Data Acquisition and Inclusion Criteria
This bibliographic analysis included published articles and
reviews that related to research on the crosstalk between
circRNAs and miRNAs, and these publications focused on the
occurrence and development of human diseases or might be
beneficial for studying human diseases. Data were extracted from
Science Citation Index Expanded (SCI-Expanded) of Web of
Science (WoS) in March 2021. Searches were conducted using the
following keywords: TI= (circRNA∗ or “circ RNA∗” OR “circular
RNA∗” OR circularRNA∗) AND TI= (microRNA∗ OR mir∗ OR
miRNA∗ OR “micro RNA∗” OR “small non-coding RNAs” OR
“small non-coding RNA” OR “small RNA∗”).

Supplementary Figure 1 shows the process of literature
selection. Language was restricted to English, and no species
limitation was implemented. We selected articles and reviews,
and excluded all other publication types, such as meeting
abstracts and corrections. Studies focusing on human diseases
were included, while research on other subjects, such as plants,
were excluded. The search and screening process was performed
by two authors; in the event of disagreement, the final decision
was made by the corresponding author.

Analytical Tools and Key Indicators
Microsoft Excel 2019 and CiteSpace V (version: 5.6.R5; Drexel
University) were used for bibliographic analysis, and SPSS 22.0
(SPSS Inc., Chicago, IL, United States) was used for statistical
analysis. CiteSpace is often used for bibliographic analysis with
data derived from WoS (Liu et al., 2019; Xu and Sun, 2020; Yan
et al., 2020). International Classification of Diseases 11th Revision
(ICD-11) was used to classify the diseases evaluated in the 1,013
papers we obtained (World Health Organization [WHO], 2021).

The number of publications and citations, journal impact
factor (JIF, 2019), h-index, category and JIF quartile were
collected from WoS. The productivity of an individual or group
was reflected by the number of articles published. The number
of citations, IF and h-index were collected to assess the impact
of individuals or groups on publications in this filed. IF values
were acquired from Journal Citation Reports (2021), which is
a highly suitable index for evaluating the influence of journals
(Garfield, 2006). The h-index characterizes the scientific output
of a researcher. If the h-index of a researcher is h, the researcher
published at least h papers and each of these papers was cited

at least h times (Hirsch, 2005). Each journal was assigned to at
least one category in descending order according to JIF, and the
top 25% of JIF distribution were Q1, 25–50% were Q2 and 50–
75% were Q3. Centrality is an indicator calculated by CiteSpace
to evaluate the importance of nodes in a network; nodes with high
centrality indicate pivotal points (Chen, 2006).

RESULTS

Publication Output
A total of 1,013 papers were included in our study. Figure 1A
shows the number of articles published by year. The first paper
related to the crosstalk between miRNAs and circRNAs in human
diseases was published in 2011. The number of publications
increased from 1 in 2011 to 535 in 2020. As of February 28,
2021, 40 papers on this topic have been published in 2021.
Figure 1B shows the total number of citations of the 1,013 papers
per year. Linear regression analysis showed that the number of
publications (t = 3.376, P = 0.01 < 0.05, data of 2021 were not
included because they are incomplete) and citations (t = 3.413,
P = 0.009 < 0.05, data of 2021 were not included) increased
remarkably each year from 2011 to 2020.

Distribution of Diseases
The research directions of the 1,013 papers were classified and
summarized according to ICD-11. Table 1 shows the top 10
diseases studied. Neoplasm was the most popular research topic
related to the crosstalk between miRNAs and circRNAs (n = 750
publications; 74.04% of the total number of publications) and
had an h-index of 56; this topic was followed by diseases of
the circulatory system (n = 62 publications; h-index = 17) and
musculoskeletal system or connective tissue (n= 57 publications;
h-index= 15).

Distribution by Journals
A total of 244 journals contributed the 1,013 papers included
in this study. Among the top 10 journals ranked by number

TABLE 1 | The top 10 diseases ranked by number of publications.

Rank Disease Publication Citations H-index

1 Neoplasms 750 15435 56

2 Diseases of the circulatory system 62 1756 17

3 Diseases of the musculoskeletal
system or connective tissue

57 1031 15

4 Diseases of the nervous system 21 557 10

5 Diseases of the visual system 12 120 5

6 Diseases of the respiratory system 12 56 4

7 Diseases of the digestive system 11 141 4

8 Certain infectious or parasitic
diseases

10 78 4

9 Endocrine, nutritional or metabolic
diseases

10 425 5

10 Symptoms, signs or clinical
findings, not elsewhere classified

10 64 3
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of publications (Table 2), Biochemical and Biophysical Research
Communications contributed the greatest number of publications
(n= 64) and had the highest h-index (33), followed by European
Review for Medical and Pharmacological Sciences (n = 43
publications) and Journal of Cellular Biochemistry (n = 38
publications). The IF of the top 10 journals ranged from 2.886
to 15.302 (mean = 5.4113). Among the journals contributing
publications on the crosstalk between miRNAs and circRNAs in
human diseases, Molecular Cancer (n = 26 publications) had the
highest IF (IF 2019 = 15.302), followed by Molecular Therapy-
Nucleic Acids (n = 28 publications; IF 2019 = 7.032) and Cell

Death and Disease (n= 25 publications; IF 2019= 6.304). Among
the top 10 journals, 33.33% JIF quartile were Q1, 46.67% were Q2
and 20% were Q3.

A dual map of journals presenting contributions and
connections between disciplines is shown in Figure 2. The
left-hand side of the map presents citing journals, whereas
the right-hand side presents cited journals. The 1,013 papers
obtained from our database search were mostly published
in journals dedicated to molecular, biology and immunology
field, and cited journal publications on molecular, biology, and
genetics field.

TABLE 2 | The top 10 journals ranked by number of publications.

Rank Journal Publication H-index JIF (2019) Category (Web of Science) JIF Quartile (2019)

1 Biochemical and Biophysical
Research Communications

64 33 2.985 Biochemistry and molecular biology
biophysics

Q3; Q2

2 European Review for Medical and
Pharmacological Sciences

43 8 3.024 Pharmacology and pharmacy Q2

3 Journal of Cellular Biochemistry 38 13 4.237 Cell biology biochemistry and
molecular biology

Q2; Q2

4 Oncotargets and Therapy 35 6 3.337 Oncology biotechnology and
applied microbiology

Q3; Q2

5 Cancer Cell International 33 8 4.175 Oncology Q2

6 Aging-US 32 10 4.831 Geriatrics and gerontology cell
biology

Q1; Q2

7 Cancer Management and Research 32 8 2.886 Oncology Q3

8 Molecular Therapy-Nucleic Acids 28 12 7.032 Medicine, research and
experimental

Q1

9 Molecular Cancer 26 18 15.302 Oncology biochemistry and
molecular biology

Q1; Q1

10 Cell Death and Disease 25 10 6.304 Cell biology Q1

JIF, journal impact factor.

FIGURE 2 | The dual-map overlay of journals that published articles on the crosstalk between microRNAs and circular RNAs.
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Distribution by Countries and Institutions
In total, 30 countries and 748 institutions contributed to the
related research, and the details of each item can be found in
Supplementary Tables 1, 2. Figures 3A,B, respectively, show the
contributions and collaborations by country and by institution.
The distribution of countries is presented in Figure 4. Table 3
shows the top 10 countries ranked by distribution of publications.
China contributed 96.84% of the 1,013 papers (n = 981
publications), with a high centrality of 0.57. The United States
revealed the highest centrality (0.59) and contributed the second
highest number of publications (n= 42).

The top 10 institutions ranked by number of publications were
all universities in China (Table 4). Among these institutions,
Nanjing Medical University ranked first (n = 72 publications),
followed by Zhengzhou University (n= 43 publications) and Sun
Yat-sen University (n= 41 publications).

FIGURE 3 | The analysis of countries/regions and institutions. (A) Network
map of countries/regions engaged in research on the crosstalk between
microRNAs and circular RNAs; (B) Network map of institutions engaged in
research on the crosstalk between microRNAs and circular RNAs.

Analysis of Keywords
The top 20 keywords with the strongest citation bursts at different
time periods are shown in Figure 5. Messenger RNA was the
first keyword with the strongest citation burst, which began in
2011 and ended in 2016. Glioblastoma, mir-7, skeletal muscle,
and ncRNA were keywords with strong citation bursts that lasted
until 2020. Among these four keywords, glioblastoma revealed
the highest strength (3.5635) and was the first to burst (in 2013).

Analysis of References
References are an indispensable part of publications. Figure 6
illustrates a timeline view of references in the 1,013 publications
related to the crosstalk between microRNAs and circRNAs
in human diseases. The timeline view was constructed using
CiteSpace, and the cluster labels were extracted from the
keywords. Figure 6 shows the top 8 clusters, the first of which
is marked #0. Gastric cancer revealed the largest cluster, followed
by miRNA sponge (#1), ovarian cancer (#2), and glioma (#3).

DISCUSSION

In this study, we performed a bibliographic analysis of studies
on the crosstalk between miRNAs and circRNAs and found
that research on this topic is well underway. circRNAs can
communicate and co-regulate with miRNAs to regulate gene
expression. Hansen and his colleagues published the first paper
on the crosstalk between ciRS-7 and miR-671 in 2011 (Hansen
et al., 2011). However, the number of publications on this
subject exceed 10 per year until 2016. Thereafter, publications
exceeded 100 papers per year in 2018 and reached 535 papers
per year in 2020.

The mechanisms of crosstalk between miRNAs and circRNAs
are incompletely understood. miRNAs and circRNAs have been
proven to interact in the pathological process of many human
diseases, including cancer, osteoarthritis (OA) and neuropathic
pain (NP). circRNAs sponging miRNAs was a frequently
mentioned mechanism of the crosstalk between circRNAs and
miRNAs in human diseases. Zheng et al. (2016) revealed that
circHIPK3, a circRNAs differently expresses between cancer and
normal tissues, has 18 potential binding sites and can sponge 9
miRNAs to modulate human cell proliferation. Liu et al. (2016)
reported that circRNA-CER competitively binds miR-136 to
regulated MMP13 expression and participated in the degradation
of chondrocyte extracellular matrix. Several circRNAs have been
confirmed to regulate mRNA expression by sponge miRNAs,
and then involved in neuroinflammation, neuronal autophagy,
cell proliferation, and central sensitization in NP (Song et al.,
2020). About the mechanisms of cancer, Hanse found miR-671
can directionally cleave ciRS-7 to release miR-7 that sponged by
ciRS-7 (Hansen et al., 2013b). However, few studies researched
the mechanism of miRNAs mediating circRNAs.

Neoplasms are the most common condition associated with
research on the crosstalk between miRNAs and circRNAs; indeed,
articles discussing neoplasms made up 74.04% of the total
number of publications obtained, with a high h-index (56). Han
and his colleagues revealed that circMTO1 inhibits the process of
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FIGURE 4 | World map of countries/regions that published articles on the crosstalk between microRNAs and circular RNAs.

hepatocellular carcinoma by sponging miR-9 (Han et al., 2017).
Zhang and his colleagues found that circFGFR1 upregulates the
expression of CXCR4, the miR-381-3p target gene, to promote
the progression of non-small cell lung cancer by miR-381-3p
(Zhang et al., 2019b). The research findings of Zhang et al. (2017)
were published in Molecular Cancer, which had the highest IF
among the top 10 journals ranked by number of publications.
Interactions between miRNAs and circRNAs have also been
explored in other types of neoplasms, such as gastric cancer,
breast cancer (Yang et al., 2019) and glioma (Xu et al., 2018).
Most of the related research focuses on malignant tumors and the
mechanism of circRNA as a miRNA sponge.

TABLE 3 | The top 10 countries ranked by number of publications.

Rank Country Publication Centrality

1 China* 981 0.57

2 United States 42 0.59

3 Germany 8 0.10

4 Italy 6 0.10

5 Japan 5 0.00

6 Australia 4 0.13

7 Netherlands 4 0.00

8 Canada 3 0.04

9 Denmark 3 0.00

10 England 3 0.00

*Includes the data of Taiwan (5 publications).

Biochemical and Biophysical Research Communications
contributed the most to research on the crosstalk between
miRNAs and circRNAs by publishing 64 articles with the highest
h-index (33). However, in terms of IF, this journal placed ninth
among the top 10 journals ranked by number of publications.
Molecular Cancer, the IF of which was 15.302, was the only
journal with an IF greater than 10 among the top 10 journals.
Although the IF of the top 10 journals was not high, JIF
Quartile shown that these journals ranked well in corresponding
categories (33.33% of Q1 and 46.67% of Q2). These results
suggest that the quality of most publications was reliable, but
more high quality and ground-breaking researches are needed

TABLE 4 | The top 10 institutions ranked by number of publications.

Rank Institution Publication Country

1 Nanjing Medical University 72 China

2 Zhengzhou University 43 China

3 Sun Yat-sen University 41 China

4 Fudan University 40 China

5 China Medical University 37 China

6 Harbin Medical University 36 China

7 Southern Medical University 34 China

8 Shanghai Jiao Tong University 32 China

9 Shandong University 30 China

10 Huazhong University of Science and Technology 24 China
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FIGURE 5 | The top 20 keywords with the strongest citation bursts of publications on the crosstalk between microRNAs and circular RNAs.

FIGURE 6 | The analysis of references. Co-citation map (timeline view) of references from publications on the crosstalk between microRNAs and circular RNAs.
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in this field. Furthermore, the crosstalk between circRNAs and
miRNAs is a relatively new field, and it may be a possible reason
for these results.

China is the major country contributing research on the
crosstalk between miRNAs and circRNAs in human diseases.
The country published 981 papers (96.84% of the total number
of articles included in this work) and showed fairly high
centrality (0.57). The United States ranked second in terms of
countries with the greatest number of publications; the country
published 42 papers and demonstrated the highest centrality
(0.59) among the countries compared. Interestingly, China
noticeably contributed more publications than the United States,
but the centrality of the former was lower than that of the latter.
This finding may be explained by the vast number of articles
published by China alone, which could result in low centrality.
The top 10 institutions ranked by number of publications were all
Chinese universities, among which Nanjing Medical University
ranked first, with 72 publications. Therefore, China is the leading
country in research on the crosstalk between miRNAs and
circRNAs in human diseases, and universities are the main
institutional form in this field.

According to CiteSpace V, “glioblastoma,” “miR-7,” “skeletal
muscle,” and “non-coding RNA” are the most popular keywords
in the related research; these terms indicate potential research
hotspots and frontiers. The four potential frontiers of research on
the crosstalk between miRNAs and circRNAs in human diseases
are as follows:

(1) Glioblastoma: Glioblastoma multiforme (GBM), the most
common type of brain cancer, is also known as grade IV
glioma; the disease has a short overall survival time and
high malignancy (Westphal and Lamszus, 2011; Louis et al.,
2016). Although therapeutic strategies for this disease have
been improved, GBM remains difficult to treat (Omuro and
DeAngelis, 2013). circRNAs and miRNAs play important roles
in many malignancies, and their crosstalk in GBM remains
unclear. Thus, research on this field has great potential
therapeutic significance.

(2) MiR-7: miR-7 can modulate the expression of several
oncogenes, and changes in miR-7 activity can affect the
progression of cancer (Hansen et al., 2013b). The mechanism
underlying the crosstalk between circRNAs and miR-7 in
human diseases is a research hotspot.

(3) Skeletal muscle: Skeletal muscle, which contains 50–75% of all
proteins in the human body, accounts for approximately 40%
of the human body weight. Skeletal muscle is closely related
to human locomotion and metabolism, and skeletal muscle
diseases can severely affect a patient’s quality of life (Frontera
and Ochala, 2015). circRNAs and miRNAs can regulate the
development of skeletal muscle, and the crosstalk between
these RNAs is a research frontier (Ge and Chen, 2011; Zhang
et al., 2019a).

(4) Non-coding RNA: Research conducted over the last decade
has reported that ncRNAs are involved in several physiological
and pathological processes. circRNAs and miRNAs are two
types of ncRNAs that do not code proteins but can regulate
gene expression. The effect of crosstalk between circRNAs and

miRNAs on the complex and unknown regulatory networks of
ncRNA must be further investigated (Panni et al., 2020).

According to our analysis of keywords and references, research
on the crosstalk between circRNAs and miRNAs mainly focuses
on cancer, including glioma, gastric cancer, and ovarian cancer,
and the related sponge mechanism. Journals in molecular, biology
and genetics field were the main source of references for the
published research. Most publications were published in journals
dedicated to molecular, biology and immunology field.

To the best of our knowledge, this study is the first to use
CiteSpace to perform a bibliographic analysis of publications
on the crosstalk between miRNAs and circRNAs. However, this
study presents some limitations. First, SCI-E of WoS, although
an authoritative and comprehensive database in the medical field,
was the only resource we selected for data acquisition; thus, some
important findings published in other databases may have been
missed. Second, the contributions and collaborations of authors
were not analyzed because most of the authors were from China
and different Chinese names could be translated to the same
English name. Third, this study lacked an assessment of the
overall quality of publications.

CONCLUSION

A total of 1,013 papers on the crosstalk between miRNAs and
circRNAs in human diseases were published. The first paper
was published in 2011 and initiated research in this field. The
quality of most publications was relatively well in this field, but
high-impact researches were needed. Biochemical and Biophysical
Research Communications contributed the most to this field in
terms of number of publications, and China produced the largest
amount of research on this topic. In terms of institution, Nanjing
Medical University published the largest number of related
articles. At present, cancer is the most popular research area
related to the crosstalk between miRNAs and circRNAs in human
diseases. The latest burst keywords are “glioblastoma,” “miR-7,”
“skeletal muscle,” and “non-coding RNA.” As far as we know,
no bibliographic analysis has been conducted for publications on
the crosstalk between circRNAs and miRNAs before. This study
may provide researchers important clues on research trends and
frontiers in this field.
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Expression Profile and Potential
Function of Circular RNAs in
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North Sichuan Medical College, Nanchong, China, 3Department of Geriatrics, Affiliated Hospital of North Sichuan Medical
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Circular RNAs (circRNAs) are non-coding RNAs (ncRNAs) with a single-stranded
covalently closed-loop structure, and their abnormal expression may participate in the
pathogenesis of various human diseases. Currently, knowledge of circRNAs in gout is
limited. In this case-control study, human circRNA microarrays were used to identify
differentially expressed circRNAs in peripheral blood mononuclear cells (PBMCs) from
patients with primary gout (n � 5) and healthy controls (HC; n � 3). Bioinformatics methods
were used to analyze significantly different circRNAs (fold change >1.5, p < 0.05). In
addition, four significantly differentially expressed circRNAs were selected for quantitative
real-time polymerase chain reaction to detect expression levels in 90 gout patients and
60 HC. Subsequently, circRNA-miRNA-mRNA network was established to predict the
function of circRNAs of interest. Microarray analysis indicated that 238 circRNAs were
upregulated and 41 circRNAs were down-regulated in the gout group (fold change >1.5,
p < 0.05). Bioinformatics analysis showed that differentially expressed circRNAs were
involved in the pathogenesis of gout via various pathways. Moreover, the expression levels
of hsa_circRNA_103657 and hsa_circRNA_000241 were significantly higher in the gout
group than those in the HC group, and both correlated significantly with lipid metabolism
parameters. Furthermore, the area under the curve of hsa_circRNA_103657 was 0.801
(95% confidence interval (CI): 0.730–0.871; p < 0.001). Our results provide novel insights
into the pathogenesis of primary gout. Differentially expressed circRNAs were identified in
the PBMCs of gout patients, and these differential circRNAsmay play important roles in the
development and progression of gout.

Keywords: gout, circular RNA, microarray analysis, peripheral blood mononuclear cells, biomarker

INTRODUCTION

Gout is a common metabolic disease characterized by disturbances in purine metabolism and (or)
decreased excretion of uric acid, which lead to increased uric acid in the blood and deposits of urate
crystals in tissues (Dalbeth et al., 2016). The main manifestations of primary gout include
hyperuricemia, acute arthritis, tophi, joint deformities, urinary tract stones, and kidney disease.
Recent epidemiological studies have shown that the global prevalence and incidence of gout are
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increasing, with a prevalence of <1–6.8% and an incidence of
0.58–2.89 per 1,000 person years (Dehlin et al., 2020). However,
the specific pathogenesis of gout remains unclear. Studies have
reported that genetics, immunity, eating habits, and traumatic
stress, are likely involved in the occurrence and development of
gout (Dalbeth et al., 2016; Dalbeth et al., 2019; Clebak et al., 2020;
Dehlin et al., 2020). Although elevated serum uric acid levels are
considered an important risk factor for the development of gout,
only approximately 10% of hyperuricemia patients suffer from
gout (Zhang, 2021). The typical onset of joint symptoms and the
discovery of urate crystals in the joint cavity are important
indicators for the diagnosis of primary gout (Dalbeth et al.,
2016), at which point urate crystals have been deposited into
the joint cavity or caused joint deformities, which results in
serious consequences for patients’ quality of life (Dalbeth
et al., 2019). In addition, patients with gout often have
comorbid diabetes, hypertension, hyperlipidemia, and
cardiovascular and cerebrovascular diseases, which significantly
threaten human health (Dalbeth et al., 2016; Dalbeth et al., 2019;
Clebak et al., 2020; Dehlin et al., 2020). Therefore, clarifying the
exact pathogenesis of gout and identifying biomarkers of primary
gout is crucial to develop methods that enable early diagnosis and
treatment of gout.

As an important element of epigenetics, non-coding RNA
participates in the development of diseases by regulating gene
expression and other functions; this is currently a research
hotspot in the field of life sciences. Circular RNAs (circRNAs)
are a new type of non-coding RNA molecule, which are
composed of exons, introns, or fragments of the two, and are
highly resistant to degradation because of their distinct circular
structure (Zhou et al., 2020). Emerging evidence suggests that
circRNAs are potential candidates for diagnostic biomarkers and
therapeutic targets for a variety of diseases, including tumors
(Wang J. et al., 2021), cardiovascular diseases (Ward et al., 2021),
and nervous system diseases (Li M.-L. et al., 2021). However, at
present, knowledge of circRNAs in gout remains limited.
Therefore, in this study, microarray technology was used to
screen and analyze the differential expression of circRNAs in
peripheral blood mononuclear cells (PBMCs) between patients
with primary gout and healthy controls (HC). We aimed to
explore the role of circRNAs in gout, provide new insights
into the pathogenesis of gout, and identify biomolecules for
the diagnosis and treatment of gout from a genetic perspective.

MATERIALS AND METHODS

Patients and Sample Collection
Male patients with primary gout and healthy volunteers were
recruited from the Affiliated Hospital of North Sichuan Medical
College from March 2020 to March 2021. All patients met the
American College of Rheumatology/European League Against
Rheumatism 2015 gout classification criteria (Neogi et al., 2015)
and were subdivided into acute gout flare (AG) and intercritical
gout (IG) groups according to their clinical manifestations.
Specifically, gout patients with symptoms of joint swelling,
heat, and pain during the previous 3 days were classified into

the AG group, whereas those who had not experienced joint
symptoms for at least 2 weeks and had normal inflammatory
indicators, such as erythrocyte sedimentation rate (ESR), high-
sensitivity C-reactive protein (CRP), and white blood cell (WBC)
count, were classified into the IG group. During the same period,
age- and sex-matched healthy volunteers with no hyperuricemia,
metabolic syndrome, or other chronic diseases were recruited as
the HC group from the Physical Examination Center of Affiliated
Hospital of Sichuan North Medical University.

The study was conducted in two phases. Firstly, we selected six
primary gout patients (three AG and three IG) and three HC and
isolated total RNAs from their PBMCs for microarray analysis
using a human circRNA microarray (Arraystar Inc., Rockville,
MD, United States). Secondly, target circRNAs were detected in
90 primary gout patients (45 AG and 45 IG) and 60 HC using
quantitative real-time polymerase chain reaction (qRT-PCR).
Exclusion criteria for gout patients included 1) serious diseases
of major organs, such as the heart and kidneys, 2) other serious
conditions, such as malignant tumors and autoimmune diseases,
3) infection-related disorders, and 4) secondary gout due to other
diseases.

The clinical data of all subjects including age, sex, body mass
index, and laboratory indicators, such as serum uric acid (sUA)
levels, blood glucose (GLU) levels, inflammation indicators, and
lipid metabolism indicators were recorded. Inflammation
indicators included ESR, CRP, WBC count, neutrophil granule
count (GR), lymphocyte count (LY), and monocyte count, (Mo),
and lipid metabolism indicators included plasma total cholesterol
(TC), triglycerides (TG), high-density lipoprotein cholesterol
(HDL), low-density lipoprotein cholesterol (LDL), and very-
low-density lipoprotein (VLDL). All laboratory indicators were
measured by the Clinical Laboratory Department of the Affiliated
Hospital of North Sichuan Medical College. All participants
provided written informed consent and patient data were
analyzed anonymously. The study was approved by the Ethics
Committee of the Affiliated Hospital of North Sichuan Medical
College (Ethics approval number: 2019 ER(A)040) and was
conducted following the ethical code of the Declaration of
Helsinki of 1975.

Sample Preparation
In each subject, 4 ml of fasting peripheral venous blood were
collected in a heparin anticoagulation tube. PBMCs were isolated
from blood samples by Ficoll-Hypaque density gradient
centrifugation and stored at −80°C for subsequent analysis.

RNA Extraction
The total RNA in PMBCs was extracted according to
manufacturer instructions of the TRIzol reagent (Invitrogen,
Grand Island, NY, United States). The integrity of RNA was
evaluated by standard denaturing agarose gel electrophoresis, and
the concentration and purity of RNA were measured by
NanoDrop ND-1000.

Circular RNAs Microarray
Samples of age- and sex-matched six gout patients (three AG and
three IG) and three HC were selected for the microarray analysis.
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We used the Arraystar Human circRNA Array v2 chip (8 × 15 K)
(Arraystar, Rockville, MD, United States), which contains 13,617
human circRNA probes. Sample preparation and microarray
hybridization were performed according to Arraystar’s
standard protocols (Agilent Technology). Briefly, 2000 ng of
the total RNA were digested with rnase R (Epicentre, Illumina,
Inc., Madison, WI, United States) to remove linear RNAs and
enrich circRNAs. Then, the enriched circRNAs were amplified
and transcribed into fluorescent cRNA using a random priming
method (Arraystar Super RNA Labeling Kit; Arraystar). The
labeled cRNAs were hybridized onto the Arraystar Human
circRNA Array v2 (8 × 15 K, Arraystar). After washing the
slides, the arrays were scanned using the Agilent Scanner
G2505C (Agilent Technologies, Inc., Santa Clara, CA,
United States).

Data Analysis and Differentially Expressed
Circular RNAs Identification
The Agilent Feature Extraction software (version 11.0.1.1) was
used to analyze the acquired array images. Quantile
normalization and subsequent data processing were
performed using the R software (R Project for Statistical
Computing, Vienna, Austria) limma package. Differentially
expressed circRNAs that differed significantly between the
gout group and the HC group were identified using scatter
plot and volcano plot filtering (p-value calculated from an
unpaired t-test; p < 0.05). Differentially expressed circRNAs
between the two groups were identified using fold change
filtering (fold change >1.5). Hierarchical clustering was
performed to determine distinguishable circRNA expression
patterns among samples.

Quantitative real-time polymerase chain
reaction Amplification
Four significantly more highly expressed circRNAs
(hsa_circRNA_100632, hsa_circRNA_405646, hsa_circRNA_
000241, and hsa_circRNA_103657) and two significantly more
lowly expressed circRNAs (hsa_circRNA_104917,
hsa_circRNA_001594) were selected from the microarray
results for the qRT-PCR experiments.

According to the instructions of the reverse transcription
reagent (TaKaRa, Japan), 2 µl (600 ng) of total RNA was
reverse transcribed into cDNA. The PCR reaction was then
performed using the LightCycle®96 PCR machine (Roche,

Switzerland). The reaction system included TB Green Premix
Ex Taq II (Takara Bio, Inc.): 5 μl, the forward primer: 0.1 µl
(10 pmol/L), the reverse primer: 0.1 µl (10 pmol/L), cDNA: 1.0 µl,
and ddH20: 3.8 µl. The thermocycling conditions were as follows:
95°C for 10 min, followed by 40 cycles of denaturation at 95°C for
10 s, and annealing/extension at 60°C for 1 min. All reactions
were performed in triplicate. The expression of the housekeeping
gene (β-actin) was used as the internal control to normalize the
expression of each target gene. Relative quantification with the
2−ΔΔCq method (Livak and Schmittgen, 2001) was used to
evaluate the relative expression of circRNAs. The β-actin and
the six circRNA primer sequences used for qRT-PCR (Shanghai
Shenggong Bioengineering Co., Ltd., Shanghai, China) are listed
in Table 1.

Bioinformatics Analysis: Gene Ontology and
Pathway Analysis
The gene ontology (GO) project provides a controlled vocabulary
to describe gene and gene product attributes of any organism
(http://www.geneontology.org) (Huntley et al., 2014). The
ontology covers three domains: Biological Process (BP),
Cellular Component (CC), and Molecular Function (MF).
Fisher’s exact test in the Bioconductor’s top GO was used to
establish whether there was more overlap between the differential
genes and the GO annotation list than would be expected by
chance. The p-value produced by the top GO denotes the
significance of the GO items’ enrichment in the differential
genes, where a lower p-value indicated a more significant GO
item (p ≤ 0.05 was recommended).

Pathway analysis is a functional analysis that maps genes to
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
(http://www.genome.jp/kegg/) (Kanehisa et al., 2014). The
p-value (EASE-score, Fisher’s p-value, or hypergeometric p-
value) denotes the significance of the pathway correlated to
the conditions, where the lower the p-value, the more
significant the pathway (p < 0.05 was considered statistically
significant).

Construction of Competitive Endogenous
RNA Regulatory Network
CircRNA-miRNA interactions were predicted using Arraystar’s
homemade miRNA target prediction software (Rockville, MD,
United States) based on TargetScan (http://www.targetscan.org/
vert_72/) (Enright et al., 2003) and miRanda (http://www.

TABLE 1 | Primer sequences used in the validation of circRNAs.

gene name Forward primers sequence(59–39) Reverse primers sequence(59–39)

β-actin GAGCTACGAGCTGCCTGACG GTAGTTTCGTGGATGCCACAG
hsa_circRNA_000241 GTGCGCTGCAATCCAGACAG AGGACAAGCCGACTGCATTTG
hsa_circRNA_103657 ATGGACCCAAGAGTCAGCGG TGCTTGGCCATTTCGGTTCC
hsa_circRNA_405646 ACGAGCTGGTTAGGAGGCAC TACATCCACTCCACGGCACC
hsa_circRNA_100632 TTGTGACCTCCCTCTCCGTG GCGGCGAATGCAGAGTTGAT
hsa_circRNA_104917 TTCAGCTCTGAGACCACCGC TCATCTGCGAGAGGTCCCCT
hsa_circRNA_001594 GGTGCCTCCTGACTGCAGAA ACTCGAGGGTGGAGGAGAGT
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miranda.org/) (Pasquinelli, 2012). Then, the target genes of these
miRNAs were predicted using the TargetScan, miRDB (http://
mirdb.org/) (Chen and Wang, 2020), and mirtarbase (https://
mirtarbase.cuhk.edu.cn/) (Huang et al., 2020) databases. Only the
miRNA-mRNA predicted by these three databases were retained.
Finally, according to the predicted relationship of circRNA-
miRNA-mRNA, the ceRNA network was constructed using
the Cytoscape software version 3.7.2 (http://www.cytoscape.
org/index.html) (Shannon et al., 2003).

Statistical Analysis
IBM SPSS Statistics 23.0 and GraphPad Prism 8.0 statistical
software were used for analysis. Quantitative data with
approximately normal distributions are described as means ±
standard deviations, and data with non-normal distributions
are described as medians (interquartile ranges). Statistical
analysis of demographics, clinical, and laboratory indicators
were performed using independent samples t-tests, Mann-
Whitney U-tests, and one-way analyses of variance, followed
by LSD posthoc tests. Fisher’s exact test was used for the GO
enrichment and KEGG pathway analysis. Correlations were
calculated using Spearman’s rank correlation test. The receiver
operating characteristic (ROC) curve was used to evaluate the
diagnostic efficacy of the candidate biomarker. A p < 0.05 was
considered statistically significant.

RESULTS

Circular RNAs Expression Profiles
Arraystar Human circRNA Array v2 (8 × 15 K) was used to
detect and analyze circRNAs in the PBMCs of six gout patients
(including three AG and three IG) and three HC. When data of
nine subjects were analyzed and processed, the results of one IG
case were found to be significantly biased. Through a
retrospective review, the patient was found to have possible
early rheumatoid arthritis at enrollment into the study, which
was missed at that time of recruitment. Thus, the data of this
case was excluded and the data of eight cases (three AG, two IG,
and three HC) were retained for subsequent analyses. The
demographic and clinical features of the eight subjects are
summarized in Supplementary_Material S1. To ensure
rigor, all subjects were reconfirmed that they met inclusion
criteria.

We found 279 differentially expressed circRNAs (fold
change >1.5 and p < 0.05) between gout and HC groups, of
which 238 had higher and 41 had lower expression levels in the
gout group than those in the HC group. Microarray data have
been uploaded to the Gene Expression Omnibus database
under the accession number GSE178825. The top 15
upregulated and top 15 downregulated circRNAs for the
gout group are listed in Table 2. Scatter plots in Figure 1A

TABLE 2 | The top 15 upregulated and 15 downregulated circRNAs in gout patients compared with healthy control subjects.

circRNA Regulation Fold Change P-value Alias chrom circRNA_type

hsa_circRNA_100914 up 10.2022483 0.003146809 hsa_circ_0023903 chr11 exonic
hsa_circRNA_100632 up 5.163444 0.012600554 hsa_circ_0018905 chr10 exonic
hsa_circRNA_091000 up 4.790979 0.028191498 hsa_circ_0091000 chrX exonic
hsa_circRNA_403982 up 4.4366415 0.005949389 — chr8 exonic
hsa_circRNA_405646 up 4.0272268 0.000118818 — chr17 exonic
hsa_circRNA_000992 up 3.4618 0.012692591 hsa_circ_0000992 chr2 exonic
hsa_circRNA_007352 up 3.3827085 0.008540683 hsa_circ_0007352 chrX exonic
hsa_circRNA_100332 up 3.2688998 0.043596282 hsa_circ_0014130 chr1 exonic
hsa_circRNA_100912 up 3.0983479 0.008225714 hsa_circ_0003695 chr11 exonic
hsa_circRNA_000241 up 3.0679421 0.020358477 hsa_circ_0000241 chr10 sense overlapping
hsa_circRNA_405746 up 2.9812781 0.022371618 — chr19 exonic
hsa_circRNA_100925 up 2.9686745 0.04539817 hsa_circ_0023940 chr11 exonic
hsa_circRNA_103657 up 2.9388912 0.005663491 hsa_circ_0069977 chr4 exonic
hsa_circRNA_100923 up 2.9170916 0.031237871 hsa_circ_0023936 chr11 exonic
hsa_circRNA_103667 up 2.8591439 0.021060797 hsa_circ_0070039 chr4 exonic
hsa_circRNA_101287 down 3.5782171 0.028296353 hsa_circ_0008274 chr13 exonic
hsa_circRNA_101144 down 2.3865965 0.01677349 hsa_circ_0028196 chr12 exonic
hsa_circRNA_102339 down 2.233307 0.016725147 hsa_circ_0047351 chr18 exonic
hsa_circRNA_104917 down 2.1808263 0.000840297 hsa_circ_0088494 chr9 exonic
hsa_circRNA_407330 down 2.1543414 0.025214642 — chrX exonic
hsa_circRNA_001038 down 2.125022 0.037949687 hsa_circ_0000453 chr12 antisense
hsa_circRNA_007215 down 2.0316255 0.022281484 hsa_circ_0007215 chr4 sense overlapping
hsa_circRNA_047641 down 2.0271657 0.037410987 hsa_circ_0047641 chr18 exonic
hsa_circRNA_405498 down 1.973957 0.01876855 — chr16 exonic
hsa_circRNA_100269 down 1.873869 0.011762548 hsa_circ_0013048 chr1 exonic
hsa_circRNA_102579 down 1.8471502 0.013598646 hsa_circ_0002311 chr19 exonic
hsa_circRNA_001594 down 1.846286 0.013111066 hsa_circ_0001343 chr3 antisense
hsa_circRNA_400100 down 1.7992879 0.012928107 hsa_circ_0092364 chr9 intronic
hsa_circRNA_066113 down 1.7671692 0.008504126 hsa_circ_0066113 chr3 exonic
hsa_circRNA_101501 down 1.7645955 0.001811216 hsa_circ_0034953 chr15 exonic
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FIGURE 1 | Expression profiles of circRNAs in gout patients compared with healthy controls. (A) Scatter plot demonstrating the heterogeneity of the expression of
circRNAs in the gout and HC groups. The values of the X and Y axes represent the averaged normalized signal values of the groups (log2-scaled). The green line
represents 1.5-fold changes. The expression of circRNAs above the top green line and below the bottom green line indicates changes by > 2-fold between the two
groups. (B) Volcano plots visualizing differentially expressed circRNAs between the two groups. The vertical lines correspond to 1.5-fold up- and downregulated
circRNA expression. The horizontal line represents a p-value of 0.05. The red point in the plot represents significantly differentially expressed circRNAs. (C) Clustered

(Continued )
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show the heterogeneity of circRNA expression in the PBMCs of
the gout and HC groups. The expression change of circRNAs
above the top reference line and below the bottom reference line
was >1.5-fold. Volcano plots (Figure 1B) were used to visualize
the significantly differentially expressed circRNAs between the
gout and HC groups. Hierarchical cluster analysis (Figure 1C)
was used to show distinct circRNAs expression profiling
between the gout and HC groups. We summarized the
classification of significantly differentially expressed circRNAs
(fold change >1.5, p < 0.05): 218 exons, 6 introns, 14 sense
overlappings were included in the up-regulated circRNAs
(Figure 1D); 31 exons, 3 introns, 2 sense overlappings, and 5
antisenses were contained in the downregulated circRNAs
(Figure 1E). The transcripts of these significantly
differentially expressed circRNAs were widely distributed in
all chromosomes except the Y chromosome. The top two
chromosomes that upregulated the distribution of circRNAs
transcripts were chr1 (7.98%) and chr2 (10.92%), whereas in the
downregulated circRNAs, chr1 and chr12 both accounted for
9.76%, and the other chromosomes were less than 8%
(Figure 1F).

Four circRNAs (hsa_circRNA_100632, hsa_circRNA_405646,
hsa_circRNA_000241, hsa_circRNA_103657) were randomly
selected from the top 15 upregulated circRNAs, and two
circRNAs (hsa_circRNA_104917, hsa_circRNA_001594)
were randomly selected from the top 15 downregulated
circRNAs for further analysis. The expression levels of six
circRNAs in eight samples previously used for microarray
detection were analyzed by qRT-PCR to verify the reliability
of the microarray results. In the microarray analysis, the fold
changes of the normalized levels of the six circRNAs between
the gout and HC groups were 5.16, 4.03, 3.08, 2.94, 2.18, and
1.85. In the qRT-PCR analysis, the fold changes in the
expression levels of the six circRNAs between the two
groups were 4.59, 4.65, 3.39, 4.82, 1.80, and 1.36,
respectively. Therefore, the qRT-PCR results were consistent
with the trend of the microarray data (Figure 1G).

Gene Ontology and Encyclopedia of Genes
and Genomes Pathway Analyses of
Differentially Expressed Circular RNAs
In this study, GO and KEGG pathway analyses were performed
for the parental genes with significant differential expression of
circRNAs in the microarray expression profile to explore the
potential function and possible biological pathways of
circRNAs in the PBMCs of gout patients. In the GO
analysis, the histograms represent the top 10 items of
enrichment scores in the upregulated (Supplementary
Material S2A) and downregulated genes (Supplementary

Material S2B). Differential genes were primarily related to
the “cAMP biosynthetic process,” “enzyme binding,”
“adenylate cyclase activity,” and the “nuclear ubiquitin ligase
complex.” In the KEGG pathway analysis, the numbers of
pathway items that differentially expressed higher and lower
circRNAs in the gout group were 34 and 43, respectively. The
KEGG pathway analysis showed the circRNAs more highly
expressed in the gout group than those in the HC group mainly
involved “mitophagy,” “ubiquitin-mediated proteolysis,” and
the “FoxO signaling pathway” (Supplementary Material S2C;
top 10 pathways), whereas circRNAs with lower expression
levels in the gout group were significantly involved in “platelet
activation,” the “apelin signaling pathway,” and the “cGMP-
PKG signaling pathway” (Supplementary Material S2D; top
10 pathways).

Expression Levels of the Four Circular RNAs
in Gout Patients and Healthy Controls
Subjects
In the verification phase, the expression levels of the four
upregulated circRNAs were significantly different between
the gout and HC groups. Therefore, we detected the
expression levels of the four upregulated circRNAs in 150
samples (45 AG, 45 IG, and 60 HC) by qRT-PCR to identify
the most suitable clinical biomarkers and determine the role of
circRNAs in gout. The demographic and clinical features of all
the subjects are summarized in Table 3. As shown in Figure 2,
the expression levels of hsa_circRNA_103657 and
hsa_circRNA_000241 in the gout group were significantly
higher than those in the HC group (p < 0.05; Figures 2A,B).
The expression levels of hsa_circRNA_100632 and
hsa_circRNA_405646 were not statistically different between
the two groups (p > 0.05; Figures 2C,D).

In addition, the expression levels of the four circRNAs in the
AG, IG, and HC groups are shown separately. The expression
levels of hsa_circRNA_103657 and hsa_circRNA_000241 in the
AG and IG groups were significantly higher than those in the HC
group (p < 0.05) but did not differ significantly between the AG
and IG groups (Figures 2E,F). The expression levels of
hsa_circRNA_100632 and hsa_circRNA_405646 among the
three groups were not statistically significant (Figures 2G,H).

Prediction and Annotation of hsa_Circular
RNAs_103657 and hsa_circRNA_000241
Circular RNAs Mechanism
Since some circRNAs can perform the function of “miRNA
sponge” by efficiently binding and inhibiting miRNA
transcription, which would further influence downstream

FIGURE 1 | heatmap showing the relationships among the expression levels of samples. Expression values are represented by the color scale. The intensity increases
from green (relatively low expression) to red (relatively high expression). Each column represents one sample, and each row represents a single circRNA. (D) Genomic
region distribution of upregulated circRNAs. (E) Genomic region distribution of downregulated circRNAs. (F) Distribution of significantly dysregulated circRNAs in
chromosomes. (G) Relative expression levels of the six circRNAs in five gout patients and three healthy control (HC) subjects. The Y-axis represents the ratio of the
relative expression level of circRNAs in the gout group to that of the HC group. Gout: primary gout; HC: healthy controls.
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mRNA expression and finally involved in various diseases, so
we predicted the downstream miRNAs of severely
dysregulated hsa_circRNA_103657 and
hsa_circRNA_000241. Ranked by mirSVRscore, the top-5
miRNAs related to hsa_circRNA_103657 were hsa-miR-
329-5p, hsa-miR-556-5p, hsa-miR-452-5p, hsa-miR-345-5p,
hsa-miR-22-5p, and the top-5 miRNAs related to
hsa_circRNA_000,241 were hsa-miR-1303, hsa-miR-619-
5p,hsa-miR-645,hsa-miR-4452,hsa-miR-5787. MiRNA-
targeted mRNAs were predicted by TargetScan, miRanda
and mirtarbase. Finally, the predicted hsa_circRNA_103657
and hsa_circRNA_000241 targeted circRNA-miRNA-mRNA
network was established based on sequence-pairing
prediction, and a total of 10 miRNAs and 525 mRNAs
were predicted to have an interaction with these two
circRNAs (Figure 3A). Among them,
hsa_circRNA_000,241-miRNAs exhibited a relatively large
interaction network, especially with hsa-miR-1303, hsa-
miR-619-5p, hsa-miR-4452. To gain further insights into
the functions of these two circRNAs, all predicted mRNAs
were subjected to GO and KEGG enrichment analysis. In the
ceRNA regulatory network, GO analysis showed that mRNAs
of 525 were mainly concentrated in “endomembrane system
organization,” “COPII-coated vesicle budding” (categorized
as BPs), “spindle,” “COPII vesicle coat” (categorized as CCs),
“alpha-tubulin binding,” “kinesin binding” (categorized as
MFs) (Supplementary Material S3). KEGG pathway
analysis results show mainly enrichment in the ‘PI3K-Akt
signaling pathway’ (Figure 3B) (Supplementary
Material S4).

Association Between hsa_Circular
RNAs_103657 and hsa_Circular
RNAs_000241 Expression Levels and
Laboratory Data in Patients With Gout
In the gout group, we assessed correlations between the
expression levels of circRNAs (hsa_circRNA_103657 and
hsa_circRNA_000241) and plasma lipid, sUA, and GLU levels.
Additionally, we evaluated correlations between the expression
levels of circRNAs (hsa_circRNA_103657 and
hsa_circRNA_000241) and inflammation indicators in the AG
group. Results suggested that the expression level of
hsa_circRNA_103657 was positively correlated with GLU and
TG (R � 0.419, p < 0.001; R � 0.263, p � 0.013, respectively;
Figures 4A,B), negatively correlated with HDL (R � −0.210, p �
0.048; Figure 4C), and not correlated with sUA, TC, LDL, or
VLDL. The expression level of hsa_circRNA_000241 was
positively correlated with TG (R � 0.339, p � 0.001;
Figure 4D) but not correlated with sUA, GLU, TC, HDL,
LDL, or VLDL. There were no significant correlations between
the expression levels of circRNAs (hsa_circRNA_103657 and
hsa_circRNA_000241) and inflammation indicators in the
AG group.

Diagnostic Value of hsa_Circular
RNAs_103,657 and hsa_Circular
RNAs_000241 for Gout
ROC curves were generated to determine the diagnostic value of
hsa_circRNA_103657 and hsa_circRNA_000241 in PBMCs for

TABLE 3 | Clinical and laboratory data of subjects studied.

Gout group (n=90) AG group (n=45) IG group (n=45) HC group (n=60)

Age (years) 40.90 ± 12.42 41.31 ± 12.76 40.49 ± 12.20 42.63 ± 10.94
Gender F/M 0/90 0/45 0/45 0/60
Disease duration, median (range) (months) 37.50 (23.75–49.25) 24 (2.00–66.00) 39 (31.50–47.50) —

BMI (kg/m2) (�x±SD) 25.15 ± 3.47a 24.76 ± 3.63a 25.54 ± 3.29a 22.23 ± 2.06
CRP (mg/L) (�x±SD) 15.06 ± 29.10 27.45 ± 37.31b 2.67 ± 2.57 —

ESR (mm/h) (�x±SD) 15.90 ± 20.35 24.93 ± 25.49b 6.87 ± 4.58 —

WBC (×109/L) (�x±SD) 7.92 ± 2.79a 9.02 ± 3.08ab 6.83 ± 1.96a 5.54 ± 1.24
GR (×109/L) (�x±SD) 5.24 ± 2.48a 6.23 ± 2.75ab 4.24 ± 1.69a 3.38 ± 0.89
LY (×109/L) (�x±SD) 1.99 ± 0.68 2.00 ± 0.80b 1.98 ± 0.53 1.76 ± 0.59
Mo (×109/L) (�x±SD) 0.48 ± 0.21a 0.56 ± 0.23a 0.40 ± 0.16a 0.32 ± 0.08
sUA (μmol/L) (�x±SD) 463.96 ± 142.45a 477.71 ± 140.47a 450.21 ± 144.65a 363.45 ± 51.66
GLU (mmol/L) (�x±SD) 5.72 ± 1.12a 5.68 ± 1.07a 5.76 ± 1.17a 4.90 ± 0.41
TG (mmol/L) (�x±SD) 2.43 ± 1.78a 2.18 ± 1.41ab 2.68 ± 2.09a 1.18 ± 0.33
TC (mmol/L) (�x±SD) 4.83 ± 0.85a 4.61 ± 0.79 5.05 ± 0.87a 4.50 ± 0.64
HDL (mmol/L) (�x±SD) 1.12 ± 0.26a 1.11 ± 0.26 1.13 ± 0.26 1.18 ± 0.20
LDLC (mmol/L) (�x±SD) 2.78 ± 0.62 2.68 ± 0.59 2.89 ± 0.65 2.61 ± 0.58
VLDL (mmol/L) (�x±SD) 0.95 ± 0.42a 0.89 ± 0.34a 1.02 ± 0.47a 0.64 ± 0.15

Gout: primary gout, including acute gout flare and intercritical gout; AG: patients with acute gout flare; IG: patients with intercritical gout; HC: healthy controls ; �x±SD: mean ± standard
deviation; BMI：BodyMass Index; CRP: reactive protein; ESR: erythrocyte sedimentation rate; WBC: white blood cell counts; GR: neutrophile granulocytecounts; LY: lymphocyte counts;
Mo: monocyte counts; sUA：serum uric acid; GLU: serum glucose; TG: triglycerides; TC: Total Cholesterol; HDL: high-density lipoprotein; LDL: low-density lipoprotein; VLDL: very low-
density lipoprotein.
One-way ANOVA, T test or Mann Whitney test. p-value < 0.05 was considered to denote statistical significance
ain comparison with HC group
bin comparison with IG group.
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FIGURE 2 | Expression levels of the four circRNAs in gout patients and healthy control subjects. (A, B, C, D) Relative expression levels of the four circRNAs in 90
gout patients and 60 healthy control (HC) subjects. (E, F, G, H)Relative expression levels of the four circRNAs in 45 acute gout glare (AG) patients, 45 intercritical gout (IG)
patients, and 60 HC. Gout: primary gout, including acute gout flare and intercritical gout; AG: patients with acute gout flare; IG: patients with intercritical gout; HC: healthy
controls; ***p < 0.001.
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FIGURE 3 | Prediction and annotation of hsa_circRNA_103657 and hsa_circRNA_000241 ceRNA mechanism. (A) Construction of the circRNA-miRNA-mRNA
network: the network of ceRNA includes 2 circRNAs, 10 miRNAs, and 525 mRNAs. (B) Schematic diagram of the gene category of the PI3K-Akt signaling pathway,
which is the top enriched term in the KEGG pathway analysis. Image from the Kyoto Encyclopedia of Genes and Genomes (KEGG) resource (http://www.genome.jp/
kegg/).
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FIGURE 4 | Clinical significance of hsa_circRNA_103657 and hsa_circRNA_000241 in primary gout (A,B,C,D) Correlations between the expression levels of
circRNAs (hsa_circRNA_103657 and hsa_circRNA_000241) and laboratory data of gout, analyzed using Spearman’s coefficient. (E, F) Receiver operating
characteristic (ROC) curve for the analysis of the diagnostic value of hsa_circRNA_103657 and hsa_circRNA_000241 for primary gout. AUC: area under the curve.
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the diagnosis of primary gout (Figures 3E,F). The areas under the
curve (AUC) of hsa_circRNA_103657 and hsa_circRNA_000241
for diagnosing primary gout were 0.801 (95% confidence interval
(CI), 0.730–0.871; p < 0.001; sensitivity � 68.9%, specificity �
83.3%) and 0.726 (95% CI, 0.646–0.807; p < 0.001; sensitivity �
47.8%, specificity � 95.0%), respectively.

DISCUSSION

CircRNAs can act as miRNA sponges, interact with RNA
binding proteins, affect protein translation, regulate protein
recruitment, and modulate protein assembly (Zhou et al.,
2020). Therefore, the multi-functionality of circRNAs makes
them ideal for researching and predicting disease. In recent
years, increasing numbers of studies have shown that the
abnormal expression of circRNAs is closely related to the
development of a variety of rheumatisms, such as systemic
lupus erythematosus (Wang X. et al., 2021), rheumatoid
arthritis (Cai et al., 2021), and osteoarthritis (Liu et al., 2021),
etc., However, the role of circRNAs in gout is not well understood.
In this study, genome-wide microarrays were used to analyze the
circRNA expression profile in the PBMCs of gout patients.
Compared with the HC group, the gout group had 238
upregulated and 41 downregulated circRNAs. This indicated
that there were abnormally expressed circRNAs in the PBMCs
of patients with gout, and these abnormally expressed circRNAs
play a role in the pathogenesis of gout. According to the genomic
regions, the general characteristics of differential circRNAs were
further summarized, and most differentially expressed circRNAs
were derived from exons. This indicated that circRNAs generate
additional transcripts from a gene locus, which is consistent with
recent research (Kelly et al., 2015) demonstrating that most
circRNAs originate from the exons of protein-coding genes.
These significantly different circRNAs were widely distributed
in most chromosomes, including the X chromosome, which may
be related to the biological mechanism underlying gout. QRT-
PCR was used to detect the expression levels of six circRNAs in
the PBMCs of eight subjects used in the initial microarray, and
their expression levels were entirely consistent with the
subsequent microarray results, which confirmed the reliability
of the gene microarray data.

The analysis of the GO and KEGG pathways further explored
the biological functions and potential mechanisms of the
differentially expressed circRNAs in gout. Our results revealed
that the biological functions of high- and low-expressed genes in
gout differed significantly. Previous studies have confirmed that
Toll-like receptor and NOD-like receptor signal transduction
pathways are related to the pathogenesis of gout inflammation
(Dalbeth et al., 2016; So and Martinon, 2017). Interestingly, our
KEGG analysis found that the different circRNAs in the gout
group mainly participated in “FoxO signaling pathway,” “apelin
signaling pathway,” and “cGMP-PKG signaling pathway,” except
for the Toll-like receptor and NOD-like receptor signaling
pathways. These data indicated that circRNAs may be
involved in the pathogenesis of gout via various signaling
pathways.

The cause of gout is complex. Numerous studies (Dalbeth et al.,
2016; So and Martinon, 2017; Dalbeth et al., 2019; Clebak et al.,
2020; Dehlin et al., 2020; Zhang, 2021) have highlighted that the
environment, diet, genetics, immunity, and other aspects
participate in the development of the disease in varying degrees,
and gout ismore prevalent in themale population.We detected the
expression levels of hsa_circRNA_100632, hsa_circRNA_405646,
hsa_circRNA_103,657, and hsa_circRNA_000,241 in 150 male
subjects (45 AG, 45 IG, and 60 HC) using qRT-PCR and
confirmed that hsa_circRNA_103657 and hsa_circRNA_000241
were significantly upregulated in the PBMCs of gout patients.
These circRNAs have not been reported to date. To gain further
insight, we constructed a circRNA-miRNA-mRNA network based
on hsa_circRNA_103657 and hsa_circRNA_000241, and
conducted bioinformatics analysis on its downstream targets.
The 10 predicted miRNAs have been reported in multiple
diseases, especially hsa-miR-1303. It has been reported that hsa-
miR-1303 plays an important role in osteosarcoma progression
(Han et al., 2021), non-small cell lung cancer (Chen et al., 2020),
breast cancer (Liang et al., 2020), Neuroblastoma (Li et al., 2016)
and other diseases. KEGG enrichment analysis also pointed out
effective signaling pathways, such as the PI3K-Akt signaling
pathway, 18 predicted mRNAs participated in this pathway in
our research. The dysfunction of PI3K-Akt signaling pathway was
related to a variety of pathological conditions, including metabolic
diseases (Zhang et al., 2021a), autoimmune inflammatory diseases
(Song et al., 2019), cancers (Hoxhaj and Manning, 2020), and
neurological diseases (Fu et al., 2020). There are also reports
suggesting that the imbalance of the PI3K-Akt signaling
pathway can affect uric acid metabolism (Zhang et al., 2021b)
or gout inflammation (Paré et al., 2021). Our results indirectly
indicate that the dysregulated hsa_circRNA_103657 and
hsa_circRNA_000241 may participate in the pathogenesis of
gout by affecting this pathway. This provides a theoretical basis
for us to further explore the potential pathogenesis of circRNA-
miRNA-mRNA regulatory network in gout.

Epidemiological investigations have shown that gout is closely
related to hyperuricemia, hyperlipidemia, and hyperglycemia
(Dalbeth et al., 2019). Moreover, elevated sUA levels are
considered an important risk factor for gout, and
hyperuricemia is one of the independent risk factors for
metabolic diseases such as hypertension, diabetes, and
coronary heart disease (Dalbeth et al., 2016; Zhang, 2021).
Based on these findings, we analyzed the correlations between
sUA, lipid, and glucose metabolism and the expression level of
circRNAs and revealed that the expression level of
hsa_circRNA_000241 was positively correlated with TG, and
the expression of hsa_circRNA_103657 was positively
correlated with TG and GLU and negatively correlated with
HDL. This suggests that hsa_circRNA_000241 and
hsa_circRNA_103657 are involved in the regulation of lipid or
glucose metabolism in patients with gout and that increased
expression levels are dangerous for patients with gout.

Gout is a metabolic disease that seriously affects people’s health.
Although most patients with AG also have hyperuricemia, some
gout patients exhibit sUA levels in the normal range. A
retrospective cohort study in South Korea showed that sUA
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levels did not increase during an acute flare in approximately
40% of gout patients (Lee et al., 2020). Currently, the gold
standard diagnostic test for gout is the identification of
monosodium urate (MSU) crystals using polarized light
microscopy in synovial fluid cells or a tophus (Neogi et al.,
2015). However, because of the invasive nature of the operation,
its clinical application has certain limitations, especially in gout
patients without hyperuricemia, in whom the detection rate of
MSU is extremely low. Therefore, it is vital to identify more
effective diagnostic markers and therapeutic targets to prevent
malignant development of the disease.

The ideal biomarker should possess the following
characteristics: high specificity, high sensitivity, non-
invasive, convenient, cheap, and reproducible. Because of
their unique structure, high stability, and specific
expression, circRNAs are being increasingly recognized as
new diagnostic markers of diseases in recent years (Zhou
et al., 2020; Wang J. et al., 2021; Ward et al., 2021). For
example, circ-PSD3 in tissue samples may be a potential
diagnostic biomarker or molecular therapy target for
papillary thyroid carcinoma (Li Z. et al., 2021). Moreover,
circFKBP8 and circMBNL1 are abnormally expressed in
peripheral blood and may be potential diagnostic
biomarkers for major depressive disorder (Shi et al., 2021).
Luo et al. (Luo et al., 2021) have revealed that
hsa_circ_0082688 and hsa_circ_0082689 in whole blood
could be used as diagnostic biomarkers for systemic lupus
erythematosus. However, there have not been any reports
regarding the use of circRNAs as biomarkers for gout. In this
study, the expression levels of hsa_circRNA_103657 and
hsa_circRNA_000241 in the gout group were significantly
higher than those in the HC group. As known to all, the ROC
curve is generated using an analysis method that reflects the
sensitivity and specificity of disease diagnosis indicators
(Mandrekar, 2010). The AUC indicates the diagnostic
efficacy of the indicator. The value of AUC ranges from
0.5 to 1.0, and values close to 1.0 indicate better diagnostic
efficacy. The ROC analysis showed that the AUC of
hsa_circRNA_103657 was more than 0.8, which indicated that it
could distinguish gout patients from healthy individuals. Thus,
hsa_circRNA_103657 may be offered as a potential diagnostic
biomarker for gout. However, further validation is necessary to
establish this biomarker for clinical use.

There are several limitations to the present study. First is the
relatively small sample size and the inclusion of only male
subjects. The findings need to be confirmed in large-scale
studies conducted in populations with different ethnicities and
from other regions. Second, to determine whether
hsa_circRNA_103657 can be used as a diagnostic biomarker, it
must be evaluated for its ability to accurately differentiate gout
from other similar diseases. Cases with other conditions should
be included in future studies to provide further evidence
supporting hsa_circRNA_103657 as a diagnostic biomarker for
gout. Third, we could only speculate that hsa_circRNA_103657 is
involved in lipid and sugar metabolism in primary gout; the

specific pathogenesis of hsa_circRNA_103657 in gout remains
uncertain. Therefore, functional experimental studies are
required to establish the causal relationship between aberrantly
expressed hsa_circRNA_103657 and gout.

In conclusion, our study is the first to measure circRNA
expression in the PBMCs of gout patients and HC using
microarray technology and qRT-PCR. Our findings
enhance our understanding of the role played by circRNAs
in primary gout, especially hsa_circRNA_103657 and
hsa_circRNA_000241, which has potential functional and
clinical significance in gout. However, the molecular
mechanism and specific functions of these circRNAs in
gout require further study.
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Research Progress of circRNAs in
Glioblastoma
Xu Guo and Haozhe Piao*

Department of Neurosurgery, Liaoning Cancer Hospital and Institute, Cancer Hospital of China Medical University, Shenyang,
China

Circular RNAs (circRNAs) are a class of single-stranded covalently closed non-coding
RNAs without a 5′ cap structure or 3′ terminal poly (A) tail, which are expressed in a variety
of tissues and cells with conserved, stable and specific characteristics. Glioblastoma
(GBM) is themost aggressive and lethal tumor in the central nervous system, characterized
by high recurrence and mortality rates. The specific expression of circRNAs in GBM has
demonstrated their potential to become new biomarkers for the development of GBM. The
specific expression of circRNAs in GBM has shown their potential as new biomarkers for
GBM cell proliferation, apoptosis, migration and invasion, which provides new ideas for
GBM treatment. In this paper, we will review the biological properties and functions of
circRNAs and their biological roles and clinical applications in GBM.

Keywords: circRNAs, non-coding RNAs, biomarker, glioblastoma, miRNAs sponge

INTRODUCTION

Glioblastoma (GBM) is one of the most malignant primary brain tumors in adults, characterized by
an expansile and infiltrative growth pattern (Jackson et al., 2019; Tan et al., 2020; McKinnon et al.,
2021). According to theWorld Health Organization (WHO) classification for central nervous system
(CNS) tumors, GBM is classified as the highest grade IV (Broekman et al., 2018; Caragher et al.,
2018). Currently, the standard of therapy for GBM is surgical resection with maximum safety
followed by concurrent radiotherapy and adjuvant chemotherapy (Alifieris and Trafalis, 2015;
Karachi et al., 2018; Choi et al., 2019; Geraldo et al., 2019). However, the efficacy of this regimen is
limited, and the median survival of patients after treatment is only 15 months (Touat et al., 2017; Lim
et al., 2018; Balca-Silva et al., 2019). To better treat GBM patients and improve their survival time and
quality of life remains a huge challenge. Therefore, the study of mechanisms regulating the malignant
progression of GBM and the explore for early GBM biomarkers are important for the early diagnosis,
treatment and prognosis of GBM.

Circular RNAs (circRNAs) are covalently contiguous closed loops without 5′ and 3′ ends, and are
structurally more stable than linear RNAs and less susceptible to degradation by nucleic acid
exonucleases (Jakobi and Dieterich, 2019; Huang and Zhu, 2021). Initially circRNAs were thought to
be products of missplicing or intermediates escaping from the lasso structure of introns (Chen and
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Huang, 2018; Tsitsipatis and Gorospe, 2021). With the
widespread use of transcriptome sequencing technologies,
numerous studies have identified circRNAs as a class of
endogenous, numerous molecules that are stably present in
mammalian cells with certain organizational, temporal, and
disease properties and are no longer considered a class of
RNA molecules with no role in the human body (Han et al.,
2018; Wu J. et al., 2021; Choudhary et al., 2021). CircRNAs
present in mammalian cells, there are over 400 circRNAs in
normal humans whose abnormal expression can induce
tumorigenesis (Ebbesen et al., 2017; Zhou et al., 2020; Zhang
et al., 2021a; Shao et al., 2021).

Studies have showed that circRNAs are involved in the
occurrence and development of GBM due to their highly
stable ring structure, high abundance in cancer tissues and
relative tissue specificity, and their altered expression is
expected to become a new marker for early diagnosis and
prognostic assessment of GBM or a new target for effective
treatment. This review summarized the research progress of
circRNAs in GBM in recent years, including the mechanism
of circRNAs occurrence, function and application research
in GBM.

BIOGENESIS AND CLASSIFICATION OF
CIRCULAR RNAS

CircRNAs were first identified in RNA viruses in 1976, and in
1979, Hsu et al. discovered a ring-like molecule with covalently
linked 3 and 5′ ends in Hela cells by electron microscopy (Hsu
and Coca-Prados, 1979). Because of its special structure, it was
often ignored as an abnormal shear by-product. It was not until
1993 that the existence of this structurally unique closed-loop
noncoding RNA was confirmed in humans (Farooqi et al., 2021;
Wang X. et al., 2021; Lauretti et al., 2021; Sempere et al., 2021). In
recent years, with the widespread application of transcriptomic
gene sequencing and biophysical techniques, the biological
functions of circRNAs and their roles in the development of
human diseases are gradually being better understood with the
help of high-throughput sequencing technologies. The circRNAs
are mainly formed by processing protein-coding genes by RNA
polymerase II(Ashwal-Fluss et al., 2014; Li et al., 2019; Ali et al.,
2021; Sinha et al., 2021). Meanwhile circRNAs biosynthesis is
mediated by RNA binding proteins, intron pair driven and lasso
driven, and thus has an important role in regulating adjacent
splice sites and promoting circular biosynthesis (Wu et al., 2021a;
van Zonneveld et al., 2021; Zhao et al., 2021). Currently circRNAs
have also been shown to have many characteristics. Diversity and
abundance, circRNAs are widely found in eukaryotic cells and are
very diverse (Glazar et al., 2014; Liu et al., 2020; Han et al., 2021).
Stability, unlike linear RNA, circRNAs is a single-stranded,
covalent closed-loop structure without a 5′ cap structure and a
3′ terminal ploy(A) tail. This structure may protect it from
degradation by RNA exonuclease (RNAser) and thus has
higher stability than linear RNA (Suzuki and Tsukahara, 2014;
Di Timoteo et al., 2020; Wang et al., 2021h). Conservative,
circRNAs is highly conserved across species (AbouHaidar

et al., 2014; Mao et al., 2021; Meyer et al., 2021). Specificity,
mainly in terms of cell type specificity and tissue specificity
(Shang et al., 2019; Gokool et al., 2020; Huang and Zhu, 2021).

CircRNAs can be divided into three categories according to
the composition of splicing (Figure 1). Exonic circRNAs
(E-circRNAs) are composed of backward-sheared exons,
intron circRNAs (ciRNAs) are composed of introns only,
exon-intron circRNAs (eiciRNAs). Contains both exons and
introns. Jeck et al., (Jeck et al., 2013), proposed two different
exon cyclization modes, lariat-driven cyclization mode and
intron pairing-driven cyclization mode.

BIOLOGICAL FUNCTIONS OF CIRCULAR
RNAS

CircRNAs are functionally diverse and are often found to
function as microRNAs (miRNAs) sponges because they are
rich in miRNAs binding sites. In addition, circRNAs also have
roles in regulating parent gene expression, regulating parent gene
selective splicing, translating protein functions and participating
in intercellular communication by entering exosomes (Figure 2).

MicroRNAs Sponge
Through miRNAs response elements, non-coding RNAs and
coding RNAs form a large-scale regulatory network in the
transcriptome. MiRNAs are negative regulators of gene
expression, reducing the stability of target genes or limiting
their translational function (Salmena et al., 2011; Su and Lv,
2020; Shen et al., 2021). CircRNAs are rich in miRNAs binding
sites and competitively repress transcriptional regulation of
miRNAs, a new class of highly expressed and stable ceRNAs
(Shi et al., 2013). The cyclic RNA hsa_circ_0043280 can reduce
PAQR3 levels by competitively absorbing miR-203a-3p and
blocking miR-203a-3p, and can function as a tumor
suppressor to inhibit tumor growth and metastasis in cervical
cancer (Zhang et al., 2021b). Hsa_circ_0006349 promotes MKP1
expression through uptake of miR-98, which enhances
proliferation and glycolysis of non-small-cell lung cancer
(NSCLC) cells and promotes malignant progression of tumors
(Qin et al., 2021). Circ-PPP1CB is downregulated in bladder
cancer and negatively correlates with clinical stage and
histological grade. Circ-PPP1CB regulates cell growth,
metastasis and epithelial mesenchymal transition (EMT) by
interacting with the miR-1307-3p/SMG1 axis (Wang F. et al.,
2021). Circ-EYA3 is elevated in pancreatic ductal
adenocarcinoma (PDAC) tissues and cells, and higher levels of
circ-EYA3 are significantly associated with poorer prognosis in
PDAC patients. Circ-EYA3 can enhance c-Myc expression by
acting as an endogenous miR-1294 sponge, which in turn
promotes ATP synthesis to increase energy production and
promote malignant progression of PDAC (Rong et al., 2021a).

Interaction with RNA-Binding Proteins
CircRNAs can alter splicing patterns or RNA stability by
binding to RNA binding protein (RBP) (Huang A. et al.,
2020; Zhou et al., 2020; He A. T. et al., 2021; Li J. et al.,
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2021). Muscleblind (MBL) is a muscleblind-like 1 (mbnll) MBL
promotes the production of circmbl, which has a specific MBL
binding site, and circmbl has a strong direct interaction with
MBL protein (Kristensen et al., 2019). Circ-Mbl regulates MBL
protein levels and reduces its own mrna production by
promoting circmbl production when MBL is in excess.
Circmbl can also eliminate excess MBL by binding to MBL
(Ashwal-Fluss et al., 2014). Circrna can facilitate the interaction
between DNA, RNA, and RBP to perform biological functions

by binding to related proteins (Qi et al., 2021). Circ-RNF13
prolongs the half-life of SUMO2 by binding to the 3′
untranslated regions (3′-UTR) of SUMO2 gene, which leads
to sumoylation of GLUT1 and ubiquitination to regulate the
AMPK-mtor pathway, ultimately promoting proliferation and
metastasis of nasopharyngeal carcinoma (NPC) (Mo et al.,
2021). Circ-RHOBTB3 expression is reduced in colorectal
cancer tissues, and lower circ-RHOBTB3 levels are
significantly associated with advanced clinical stage and

FIGURE 1 | The formation and classification of circRNAs. CircRNAs are commonly divided into EIciRNAs, EcircRNAs and ciRNAs in accordance with their
components, which were derived from exons and introns, and both of them in pre-mRNAs, respectively. Latant ecircRNAs can be generated from one pre-mRNA via
alternative splicing. The red segment and blue segment between Exon 4 and Exon 5 represented a 7-nt GU-rich motif near the 5′ splice site and an 11-nt C-rich motif at
the branchpoint site, respectively, which promoted the generation of ciRNAs.

FIGURE 2 | Biological function of circRNAs. (A). CircRNAs can act as miRNA sponges to regulate the expression of downstream genes. (B). CircRNAs can bind to
RNA binding protein and regulate parental gene expression. (C). Some circRNAs can be carried by exosomes and involved in the process of cell-cell communication.
(D). CircRNAs can encode proteins based on IRES-driven and m6A-driven models. (E). CircRNAs can bind with proteins to establish circRNA-protein complexes and
alter the functions of some proteins.
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greater risk of metastasis. Circ-RHOBTB3 binds to hur to
promote β-Trcp1-mediated hur ubiquitination, which in turn
inhibits the invasive effects of CRC (Chen J. et al., 2021).

Involved in Intercellular Communication
Through Exosomes
The main function of exosomes is to mediate intercellular
communication through their contents under physiological
and pathological conditions (Wang J. et al., 2021; Chen Q.
et al., 2021; Shahzad et al., 2021). In addition, exosomes play a
role in coagulation, antigen presentation, immune regulation, and
viral replication. Exosome contents, such as proteins, mRNAs,
and miRNAs, have been shown to act in receptor cells, thereby
activating multiple signaling pathways (Kalluri and LeBleu, 2020;
Wen et al., 2020; Rong et al., 2021b; Wang et al., 2021e; Reese and
Dhayat, 2021; Tian et al., 2021). Tumor cells can secrete more
exosomes than normal cells with some variation in contents, and
tumor cell-derived exosomes can provide a suitable
microenvironment for tumor development, such as cell
proliferation, angiogenesis and metastasis, drug resistance and
formation of pre-metastatic microenvironment (Li and Wang,
2017; Yan and Chen, 2020). It has been shown that circRNAs can
be encapsulated into exosomes and thus participate in
tumorigenesis and progression. Exosome-derived
hsa_circ_0000337 accelerates Chemoresistance resistance in
esophageal cancer cells by regulating the miR-377-3p/JAK2
axis (Zang et al., 2021). Plasma exosomes from colorectal
cancer (CRC) patients are enriched in circ-133. Exosomes
circ-133 from hypoxic cells are transmitted to normoxic cells
and promote CRC metastasis by acting on the miR-133a/GEF-
H1/rhoa axis (Yang H. et al., 2020).

Peptide Translation
Normally circRNAs cannot be flipped, but with deeper research,
it was found that exon sequences of some circRNAs can be
translated into proteins (Chen and Shan, 2021; Dodbele et al.,
2021). Some circRNAs contain internal ribosome entry site
(IRES) sequences and can bind directly to ribosomes and can
be translated in eukaryotic cells (Abe et al., 2015; He L. et al.,
2021). The 40S subunit of eukaryotic ribosomes binds to
circRNAs and can directly initiate translation (Wang and
Wang, 2015). CircRNAs can also be efficiently translated in an
E. Coli cell-free translation system with an open reading flame
(ORF) (Thompson, 2012). It has also been shown that eukaryotic
endogenous circRNAs can drive protein translation through m6a
methylation (Yang et al., 2017; Dai et al., 2020).

Regulation of Gene Expression
CircRNAs can interact with RNA to participate in post-
transcriptional regulation. CircRNAs are formed with a
balance between competitive complementary pairing between
introns and linear RNAs, which affects mrna expression and
translation (Shao et al., 2021). The ORF-containing circRNAs
produced by COL6A3 encodes a novel 198-aa functional peptide,
and hsa_circ_0006401–198-aa promotes the stability of the host
gene COL6A3 mrna, thereby facilitating CRC proliferation and

translocation (Zhang et al., 2021c). Circ-PTEN can promote CRC
proliferation and translocation by acting as a miR-155 Circ-
PTEN can increase the expression of its host gene PTEN by
acting as a sponge for miR-155 and miR-330-3p, which in turn
regulates the PI3K/AKT signaling pathway (Wang et al., 2021i).
Regulation of parent genes through RNA polymerase II and
epigenetic modifications. Some intron derived circRNAs are
mainly localized in the nucleus and can interact with RNA
polymerase II to promote transcription of their own coding
genes (Li et al., 2015). CircRNAs can also regulate parent gene
expression through epigenetic modifications. Recently, some
circRNAs were also found to have m6a modifications, which
affect the stability of the parent gene (Zhou et al., 2017). Thus,
circRNAs can be used to regulate the transcription of disease-
related parent genes, which in turn affect the expression of the
parent gene and its target genes, providing new ideas for the
treatment of corresponding diseases.

BIOLOGICAL FUNCTION AND
MOLECULAR MECHANISM OF CIRCULAR
RNAS IN GLIOBLASTOMA
Studies have shown that circRNAs have important roles in a
variety of tumors, and they can be involved in tumorigenesis and
progression through many different mechanisms and are closely
associated with the clinical features of tumors (Goodall and
Wickramasinghe, 2020). Here, we briefly summarize the
circRNAs involved in GBM tumorigenesis and progression
and analyze their correlation with the clinical features of GBM.

Circular RNAs are associated with
Proliferation in Glioblastoma
CircRNAs can regulate the cell proliferation ability of GBM by
regulating gene expression or downstream signaling pathways
(Table 1). A total of 417 aberrantly expressed circRNAs were
found in GBM tissues compared with adjacent normal brains by
second-generation sequencing, with hsa_circ_0008344 being the
most differentially expressed. Overexpression of
hsa_circ_0008344 significantly promoted proliferation, colony
formation and decreased apoptosis in GBM cells (Zhou et al.,
2018). Eukaryotic initiation factor 4A3 (EIF4A3) bound to
MMP9 mrna transcripts induced circ-MMP9 cyclization and
promoted circ-MMP9 expression in GBM. MMP9 promotes
the proliferative capacity of GBM cells by targeting miR-124
to regulate the expression of CDK4 and AURKA (Wang et al.,
2018b). Hsa_circ_0074027 expression is significantly upregulated
in GBM and is associated with clinical features.
Hsa_circ_0074027 promotes IL17RD expression through
sponge binding of miR-518a-5p, which in turn promotes the
proliferative capacity of cells (Qian et al., 2019). Circ-PITX1
enhances MAP3K2 expression by binding miR-379-5p as a
competitive endogenous RNA (ceRNA) sponge, which
promotes cell proliferation and inhibits apoptosis in GBM(Lv
et al., 2019). In addition, Cao et al.,. Also found that circ-PITX1
was significantly overexpressed in GBM tissues and cells, and
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knockdown of circpitx1 inhibited cell proliferation and tumor
growth. Circ-PITX1/miR-584-5p/KPNB1 axis may be a potential
therapeutic target for GBM (Cao et al., 2021). Hsa_circ_0001801
upregulates HMGB3 expression in GBM through sponge binding
of miR-628-5p, thereby promoting cell proliferation (Chen et al.,
2019). Zhu et al., Found that circentpd7 (circbase ID:
hsa_circ_0019421) was upregulated in GBM tissues, and
knockdown of circentpd7 significantly inhibited GBM cell
motility and proliferation (Zhu et al., 2020). Hsa_circ-
0043278-miR-638/-HOXA9 regulatory axis has an important
role in GBM progression by regulating miR-638/- HOXA9.
Hsa_circ-0043278-miR-638/- HOXA9 regulatory axis has an
important role in GBM progression and can be involved in
GBM tumorigenesis and progression by regulating cell
proliferation (Wu et al., 2020). Circ-ABCC3 acts as a sponge
for miR-770-5p, which targets SOX2, and knockdown of Circ-
ABCC3 significantly inhibits tumor growth in vivo (Zhang and
Xu, 2021). Wang et al., Found that hsa_circ_0006168 may
promote tumor growth in GBM by acting as a competitive
endogenous RNA for miR-628-5p and regulating the IGF1R/
Ras/Erk pathway (Wang T. et al., 2021). Circ_0001588 may
promote the proliferative capacity of GBM cells by regulating
the miR-211-5p/YY1 signaling pathway (Wang Q. et al., 2021).

Moreover, circRNAs can also be involved in regulating cell
proliferation by binding multiple miRNAs to regulate the
expression of downstream genes. Found that circ-FOXO3 can
bind both miR-138-5p and miR-432-5p to regulate NFAT5

expression and thus promote cell proliferation (Zhang S. et al.,
2019). Li et al., Found that the circ-SERPINE2-miR-361-3p/miR-
324-5p/BCL2 signaling pathway plays an important role in the
tumor growth process of GBM (Li D. et al., 2021). Besides,
hsa_circ_0008344 (Zhou et al., 2018), hsa_circ_0029426
(Zhang G. et al., 2019), hsa_circ_0067934 (Xin et al., 2019),
circ-SKA3 (Zhou M. et al., 2021), circ-PARP4 (Zhou J. et al.,
2021), circ-FLN1 (Sun et al., 2021) and circ-NF1(Liu L. et al.,
2021) were also shown to significantly promote the proliferative
capacity and tumor growth of GBM cells, but the specific
molecular mechanisms remain to be further explored.

Hsa_circ_0001946 inhibits cell proliferation and promotes
apoptosis by binding to miR-671-5p and regulating CDR1
expression (Li and Diao, 2019). Circ-MTO1 inhibits tumor
growth of GBM through miR-92/WWOX regulatory axis
(Zhang X. et al., 2019). Circ-NT5E inhibits cell proliferation of
GBM by binding miR-422a (Wang et al., 2018a). Circ-CDR1as
regulates the malignant growth of GBM by modulating the p53/
MDM2 signaling pathway (Lou et al., 2020).

In recent years, circRNAs have been found to be involved in
disease processes by encoding peptides. Found that circ-SMO
encodes a peptide of length 193aa SMO-199aa. Knockdown
deprivation of SMO-193aa in GBM stem cells significantly
attenuated Hedgehog signaling and inhibited self-renewal,
proliferation in vitro and tumorigenicity in vivo (Wu X. et al.,
2021). Xia et al., Found that circ-AKT3 encodes a novel 174 aa
protein, AKT3-174aa, and overexpression of AKT3-174aa

TABLE 1 | The proliferation-related circular RNAs in GBM.

circRNAs Expression Mechanism Biological function Ref.PMID

hsa_circ_0008344 Up — Promote cell proliferation, colony formation and inhibit cell apoptotic rate 29687495
circ-MMP9 Up miR-124/CDK4 Promote cell proliferation 30470262
hsa_circ_0029426 Up miR-197 Promote cell proliferation and inhibit cell apoptosis 30548670
hsa_circ_0074027 Up miR-518a-5p/IL17RD Promote cell proliferation, colony formation and inhibit cell apoptotic rate 30738578
hsa_circ_0067934 Up PI3K-AKT Promote cell proliferation 31081099
circ-PITX1 Up miR-379–5p/MAP3K2 Promote cell proliferation and inhibit cell apoptosis 31493405
circ-FOXO3 Up miR-138-5p/miR-432-5p/NFAT5 Promote cell proliferation 31504797
hsa_circ_0001801 Up miR-628-5p/HMGB3 Promote cell proliferation 31858556
circ-EPB41L5 Up miR-19a/EPB41L5 Promote cell proliferation and colony formation 31905344
circ-ENTPD7 Up miR-101-3p/ROS1 Promote cell proliferation 32308563
hsa_circ_0043278 Up miR-638/HOXA9 Promote cell proliferation 33154193
circ-SMO Up SMO-193aa Promote cell proliferation 33446260
circ-SKA3 Up miR-1 Promote cell proliferation 33500664
circ-PARP4 Up miR-125a-5p Promote cell proliferation 33520365
circ-PITX1 Up miR-584-5p/KPNB1 Promote cell proliferation 33763840
circ-ABCC3 Up miR-770-5p/SOX2 Promote cell proliferation and inhibit cell apoptosis 33811842
hsa_circ_0006168 Up miR-628-5p/IGF1R Promote cell proliferation, colony formation and inhibit cell apoptotic rate 34024251
hsa_circ_0001588 Up miR-211-5p/YY1 Promote cell proliferation 34105224
circ-FLN1 Up miR-199-3p Promote cell proliferation 34498720
circ-SERPINE2 Up miR-361-3p/miR-324-5p/BCL2 Promote cell proliferation, colony formation and inhibit cell apoptotic rate 34553034

— — —

circ-LGMN Up miR-127-3p/LGMN Promote cell proliferation 34582975
circ-NF1 Up miR-340 Promote cell proliferation 34589042
circ-NT5E Down miR-422a Inhibit cell proliferation 29967262
hsa_circ_0001946 Down miR-671-5p/CDR1 Inhibit cell proliferation and promote cell apoptosis 30663767
circ-MTO1 Down miR-92/WWOX Inhibit cell proliferation 31456594
circ-AKT3 Down AKT3-174aa/PI3K/AKT Inhibit cell proliferation 31470874
hsa_circ_01844 Down — Inhibit cell proliferation and promote cell apoptosis 32804726
circ-CDR1as Down p53/MDM2 Inhibit cell proliferation 32894144
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significantly reduced cell proliferation, radioresistance and
tumorigenicity of GBM cells in vivo, while overexpression of
circ-AKT3 suppressed the malignant phenotype of GBM(Xia
et al., 2019).

Circular RNAs are associated with Invasion
and Metastasis in Glioblastoma
Invasion andmetastasis of tumor cells are the main cause of death
in most patients with malignant tumors (Asif et al., 2021). This
ability to invade and metastasize allows tumor cells to leave their
primary location within tissues, enter lymphatic vessels and blood
vessels, and colonize distant organs with the blood circulation.
Metastasis of tumor cells is a complex, dynamic process that
occurs through cytoskeletal remodeling to form leading edge

protrusions, thereby generating mechanical forces that retract
and separate the cell tails from the extracellular matrix. CircRNAs
have vital roles in the invasion and metastasis of GBM.
Hsa_circ_0008344 (Zhou et al., 2018), circ-MMP9(Wang et al.,
2018b), hsa_circ_0029426 (Zhang G. et al., 2019),
hsa_circ_0074027 (Qian et al., 2019), hsa_circ_0067934 (Xin
et al., 2019), circ-FOXO3 (Zhang S. et al., 2019),
hsa_circ_0001801 (Chen et al., 2019), circ-EPB41L5 (Lv et al.,
2020), circ-ENTPD7 (Zhu et al., 2020), hsa_circ_0043278 (Wu
et al., 2020), circ-PARP4 (Zhou J. et al., 2021), circ-SMARCA5
(Barbagallo et al., 2021), circ-PITX1 (Cao et al., 2021), circ-
ABCC3(Zhang and Xu, 2021), hsa_circ_0006168 (Wang T.
et al., 2021), hsa_circ_0001588 (Wang Q. et al., 2021), circ-
MELK (Zhou F. et al., 2021), circ-FLN1 (Sun et al., 2021),
circ-LGMN(Chen B. et al., 2021), circ-NT5E (Wang et al.,

TABLE 2 | The migration and invasion-related circular RNAs in GBM.

circRNAs Expression Mechanism Biological function Ref.PMID

hsa_circ_0008344 Up — Promote cell migration and invasion 29687495
circ-MMP9 Up miR-124/CDK4 Promote cell migration and invasion 30470262
hsa_circ_0029426 Up miR-197 Promote cell migration and invasion 30548670
hsa_circ_0074027 Up miR-518a-5p/IL17RD Promote cell migration and invasion 30738578
hsa_circ_0067934 Up PI3K-AKT Promote cell migration and invasion 31081099
circ-FOXO3 Up miR-138-5p/miR-432-5p/NFAT5 Promote cell migration and invasion 31504797
hsa_circ_0001801 Up miR-628-5p/HMGB3 Promote cell migration and invasion 31858556
circ-EPB41L5 Up miR-19a/EPB41L5 Promote cell migration and invasion 31905344
circ-ENTPD7 Up miR-101-3p/ROS1 Promote cell migration and invasion 32308563
hsa_circ_0043278 Up miR-638/HOXA9 Promote cell migration and invasion 33154193
circ-PARP4 Up miR-125a-5p Promote cell migration and invasion 33520365
circ-SMARCA5 Up — Promote cell migration and invasion 33562358
circ-PITX1 Up miR-584-5p/KPNB1 Promote cell migration and invasion 33763840
circ-ABCC3 Up miR-770-5p/SOX2 Promote cell migration and invasion 33811842
hsa_circ_0006168 Up miR-628-5p/IGF1R Promote cell migration and invasion 34024251
hsa_circ_0001588 Up miR-211-5p/YY1 Promote cell migration and invasion 34105224
circ-MELK Up miR-593/EphB2 Promote cell migration and invasion 34168916
circ-FLN1 Up miR-199-3p Promote cell migration and invasion 34498720
circ-LGMN Up miR-127-3p/LGMN Promote cell migration and invasion 34582975
circ-NT5E Down miR-422a Inhibit cell migration and invasion 29967262
hsa_circ_0001946 Down miR-671-5p/CDR1 Inhibit cell migration and invasion 30663767
circ-MTO1 Down miR-92/WWOX Inhibit cell migration and invasion 31456594

TABLE 3 | Utility of circRNAs for clinical of GBM.

circRNAs Expression Clinical Sample Diagnostic Utility Prognostic Predictive Ref.PMID

has_circ_0029426 Up Tissues — √ √ 30548670
has_circ_0074027 Up Tissues — — √ 30738578
has_circ_0067934 Up Tissues — √ — 31081099
circ-ENTPD7 Up Tissues — √ √ 32308563
circ-SMO Up Tissues — √ — 33446260
circSKA3 Up Tissues — √ — 33500664
hsa_circ_0001588 Up Tissues — √ — 34105224
circ-FLNA Up Tissues — √ √ 34498720
circ-SERPINE2 Up Tissues — √ — 34553034
circ-LGMN Up Tissues — √ — 34582975
circ-NF1 Up Tissues — √ √ 34589042
circ-ASAP1 Up Tissues — √ — 32,926,734
circ-MTO1 Down Tissues — √ — 31456594
circ-EPB41L5 Down Tissues — √ √ 31905344
hsa_circ_0006168 Down Tissues — — √ 34024251
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2018a), hsa_circ_0001946 (Li and Diao, 2019) and circ-MTO1
(Zhang X. et al., 2019) are involved in the regulation of GBM
invasion and metastasis (Table 2).

Epithelial-mesenchymal transition (EMT) is mainly involved
in embryogenesis, organogenesis, and tissue healing in humans,
but also in tumorigenesis and metastasis, promoting tumor cell
invasion and motility by altering intercellular interactions and
cell-matrix interactions (Inoue et al., 2015; Wu N. et al., 2021;
Satcher and Zhang, 2021; Xiong et al., 2021). About 90% of tumor
patient deaths result from tumor invasion and metastasis, which
suggests that regulation of the EMT process is important for
tumor prevention and treatment. E⁃cadherin expression is
suppressed upon EMT activation, resulting in the loss of the
typical polygonal cobblestone morphology of epithelial cells,
while cells acquire a spindle-shaped mesenchymal morphology
and express markers associated with the mesenchymal cell state,
particularly N-cadherin, wave proteins and fibronectin
(Cristofanilli and Mendelsohn, 2006; Cai et al., 2021; Zhang N.
et al., 2021), therefore, the activation status of EMT can be
assessed by changes in the expression of E⁃cadherin and
N-cadherin. It has been shown that growth factors such as
epidermal growth factor (EGF), transcription factors such as
Snail, Slug, Twist, E⁃box binding zinc finger protein (ZEB) and
signaling pathways such as TGF, Wnt, Notch and Hedgehog can
mediate the EMT. Mucin (MUC) acts as an inducer to activate
various signaling pathways that also contribute to EMT
(Ponnusamy et al., 2013). We found that among the circRNAs
involved in GBM, circ-MMP9(Wang et al., 2018b),
hsa_circ_0067934 (Xin et al., 2019), hsa_circ_0001801 (Chen
et al., 2019), circ-PARP4 (Zhou J. et al., 2021), circ-PITX1 (Cao
et al., 2021), hsa_circ_0006168 (Wang T. et al., 2021),
hsa_circ_0001588 (Wang Q. et al., 2021) and circ-MELK
(Zhou F. et al., 2021) can regulate GBM invasion and
metastasis by modulating the EMT process. Hsa_circ_0067934
(Xin et al., 2019), circ-EPB41L5 (Lv et al., 2020) and circ-
ABCC3(Zhang and Xu, 2021) can participate in the invasion
and metastasis of GBM by regulating the PI3K/Akt/mtor
signaling pathway.

Circular RNAs are associated with
angiogenesis in Glioblastoma
Tumor development, invasion and metastasis are highly
dependent on neovascularization (Goncalves et al., 2021;
Rimini and Casadei-Gardini, 2021). Under physiological
conditions, angiogenesis is intricately and precisely regulated
by multiple molecules and mechanisms that allow the
formation of highly tissue-specific, structured and hierarchical
vascular networks to sustain the physiological processes of
embryonic development, growth and tissue repair (Lai et al.,
2021; Martin and Gurevich, 2021; Narasimhan et al., 2021).
However, tumor cells are able to release large amounts of
vascular endothelial growth factor (VEGF) and inhibit the
secretion of angiogenesis inhibitory factor, which unbalances
the regulatory mechanism of angiogenesis, resulting in rapid,
uncontrolled proliferation of tumor neovascularization and a
large, abnormally disordered replenishment network (Liu Y.

et al., 2021; Uemura et al., 2021; Zhu et al., 2021). CircRNAs
can also be involved in the malignant invasion and metastasis of
GBM by affecting angiogenesis (Figure 3A). Barbagallo et al.,
Found that circ-SMARCA5 regulates VEGFA mrna Splicing and
angiogenesis through binding to SRSF1, which in turn leads to
malignant progression of GBM(Barbagallo et al., 2019). In
addition, they demonstrated that the GAUGAA motif is a key
sequence for binding of circ-SMARCA5 to SRSF1(Barbagallo
et al., 2021). Cao et al., The circ-PITX1/miR-584-5p/KPNB1
regulatory axis was found to be an important molecular
mechanism mediating GBM angiogenesis (Cao et al., 2021).
Circ-ABCC3 regulates GBM angiogenesis and tumor
malignancy progression through PI3K/AKT signaling pathway
and miR-770-5p/SOX2 axis (Zhang and Xu, 2021).

Circular RNAs are associated with Tumor
Stemness in Glioblastoma
Stem cells are widely involved in body growth and development
and organ formation, and have the ability of self-renewal, infinite
proliferation and multidirectional differentiation (Jing et al.,
2021; Mehraj et al., 2021; Mirzadeh Azad et al., 2021; Otero-
Albiol and Carnero, 2021). The strong self-renewal ability,
inherent high proliferative capacity and multidirectional
differentiation together constitute the basic characteristics of
malignant stem cells, among which the self-renewal ability is
closely related to tumorigenesis and malignancy (Ferragut et al.,
2021; Mehraj et al., 2021; Yue et al., 2021). Over the past three to
4 decades, numerous studies have noted a potential link between
stem cell systems and certain tumors, and a small proportion of
tumor-initiating cells with stem cell properties, also known as
tumor stem cells, have been identified in a variety of organs
(Cermeno and Garcia, 2016; Hass et al., 2020; Pan et al., 2021;
Ryskalin et al., 2021). Tumor stem cells of glioma tissue origin
have the capacity for self-renewal, homotransplantation into
tumors, and differentiation into neurons and glial cells; it is
now thought that they may be derived from genetically
mutated neural stem cells, transiently expanded cells, neural
progenitor cells, and even highly differentiated astrocytes and
oligodendrocytes in normal brain tissue. It has been found that
circRNAs also play an important role in GBM cell stemness
(Figure 3B). Zhou et al., Found that circ-MELK expression was
significantly increased in GBM tissues and that circ-MELK could
regulate GBMEMT progression and glioma stem cells (GSCs)
maintenance by binding to miR-593 to promote ephb2
expression (Zhou F. et al., 2021). Gao et al., Demonstrated
that circ-E-cadherin encodes a 14 amino acid peptide that
binds to the CR2 structural domain of EGFR and activates
EGFR-STAT3 signalling, thereby maintaining the
tumorigenicity of glioma stem cells (Gao et al., 2021).

Circular RNAs are associated with
Temozolomide Resistance in Glioblastoma
TMZ is an alkylating agent with nearly 100% oral bioavailability
and easily crosses the blood-brain barrier, and is currently the
first-line chemotherapeutic agent for the treatment of GBM(Al-
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Toubah et al., 2021; Li F. et al., 2021; Soni et al., 2021). The
breakdown products of TMZ can cause DNA methylation after
entering tumor cells, which can interfere with cellular DNA
replication and cause DNA damage to inhibit the proliferation
of tumor cells (Tomar et al., 2021;Winkler, 2021). However, there
is a strong DNA damage repair system and complex damage
repair mechanisms in GBM cells, which are important in
mediating the development of resistance to TMZ in GBM
(Trillo Aliaga et al., 2021; Zhang X.-N. et al., 2021). It has
been shown that circRNAs are also involved in TMZ
resistance of GBM (Figure 3C). Lei et al., Hsa_circ_0076248
was found to be involved in the malignant progression of glioma
by binding miR-181a to promote SIRT1 expression, and
upregulation of hsa_circ_0076248 significantly inhibited
temozolomide chemotherapy sensitivity (Lei et al., 2019). Zhao
et al., The expression profiles of circRNAs in three pairs of
secondary temozolomide-resistant GBM and the
corresponding primary GBM tissues were examined by
microarray. The high expression of hsa_circ_0043949 was
found to be closely associated with the resistance of TMZ
(Zhao et al., 2020). Wei et al., Inhibition of circ-ASAP1 was
found to be effective in restoring the sensitivity of TMZ-resistant
xenografts to TMZ treatment in vivo, possibly by regulating
NRAS expression through binding to miR-502-5p (Wei et al.,
2021).

Relationships Between Circular RNAs
Levels and Clinicopathologic
Characteristics in Glioblastoma
Studies have shown that the expression levels of circRNAs
significantly correlate with many clinicopathological features of
GBM, including tumor size, grading, differentiation and staging,

and tumor recurrence. Found that the expression of
hsa_circ_0029426 was correlated with tumor size and WHO
classification (Zhang G. et al., 2019). The expression of
hsa_circ_0074027 was found to be closely associated with
larger tumor size and higher WHO grade (Qian et al., 2019).
It was found that high levels of circ-ENTPD7 correlated with
advanced GBM classification and tumor size (Zhu et al., 2020).
Sun et al., Demonstrated that the expression level of circ-FLNA
correlated significantly with the presence of necrosis inMRI scans
(Sun et al., 2021) (34498720). Liu et al., A multivariate Cox
regression analysis revealed that circnf1 expression was an
independent prognostic factor for GBM patients (Liu L. et al.,
2021). Lv et al., The analysis found that the expression of circ-
EPB41L5 correlated with age, number of lesions, necrotic
changes, recurrence and survival in GBM patients (Lv et al.,
2020). Wang et al., found that hsa_circ_0006168 expression
significantly correlated with WHO classification, T-stage,
N-stage and M-stage (Wang T. et al., 2021).

Circular RNAs as Prognostic Biomarkers for
Glioblastoma
The expression levels of circRNAs were found to be used to
predict the prognosis of tumor patients. To further analyze the
prognostic value of circRNAs in GBM, we evaluated the
association of circRNAs expression levels with the overall
survival (OS) rate of GBM patients. Twelve upregulated
circRNAs were reported to predict poorer OS in GBM patients
(Zhang G. et al., 2019; Qian et al., 2019; Xin et al., 2019; Zhu et al.,
2020; Chen B. et al., 2021; Li D. et al., 2021; Liu L. et al., 2021;
Wang Q. et al., 2021; Wu X. et al., 2021; Zhou M. et al., 2021; Sun
et al., 2021), and three downregulated circRNAs predicted poorer
OS in GBM patients (Zhang X. et al., 2019; Lv et al., 2020; Wang

FIGURE 3 | CircRNAs associated with the angiogenesis, tumor stemness and temozolomide (TMZ) resistance of glioblastoma (GBM). (A). CircRNAs associated
with the angiogenesis of GBM, including circ-SMARCA5, circ-PITX1 and circ-ABCC3. (B). CircRNAs associated with the tumor stemness of GBM, including circ-MELK
and circ-E-cadherin. (C): CircRNAs associated with the temozolomide (TMZ) resistance of glioblastomaGBM, including hsa_circ_0076248, hsa_circ_0043949 and circ-
ASAP1.
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T. et al., 2021). It was shown that lower expression of
has_circ_0067934 was associated with longer disease-free
survival (DFS) (Xin et al., 2019). Higher expression of circ-
EPB41L5 was associated with longer progress-free survival
(PFS) (Lv et al., 2020). Kaplan-Meier analysis showed that
GBM patients with low circ-ASAP1 expression showed better
OS after TMZ treatment compared to GBM patients with high
circ-ASAP1 expression (Wei et al., 2021) (Table 3).

CONCLUSION AND FUTURE PROSPECTS

CircRNAs are highly stable, richly expressed, and functionally
diverse, and have begun to attract the attention of researchers in
recent years, but research on circRNAs is currently in its infancy
(Ducoli and Detmar, 2021; Winkle et al., 2021). Nevertheless, the
almost complete sequence overlap between circRNAs and linear
RNAs makes the accurate assessment of the expression and
function of circRNAs still challenging (Yang X. et al., 2020;
Jusic et al., 2020). For example, if exonic circRNAs are formed
by reverse splicing, how does the spliceosome specifically
recognize the exons of circRNAs, but not those of linear
RNAs. Recent studies have found that m6a-modified circRNAs
are usually derived from exons that are not methylated in
mRNAs, and circRNAs from methylated mrna exons are less
stable, and it is still unclear whether m6a modification affects the
stability of circRNAs. CircRNAs are degraded, and the loop
structure may confer different properties to their
corresponding linear RNAs. The functional implications of
circRNAs have only been tentatively explored, probably due to
the limitations of the research tools.

Recent studies on circRNAs have focused on their miRNAs
sponge function, researchers have verified the binding sites of
circRNAs and miRNAs by luciferase reporter system, pull-down
experiments using biotin-labeled probes to capture miRNAs,
Ago2 immunoprecipitation can also further investigate
miRNAs regulatory targets, co-localization of circRNAs and
miRNAs in cells can be verified using FISH technique, and
these mature experimental techniques now demonstrate the
miRNAs sponge function of circRNAs, making the whole
cerna network more complete and complex.

Nowadays, there are more and more researches on the
mechanism of circRNAs generation. In addition to RBP can
bind to circRNAs to reduce the regulation of RBP on target
genes and affect tumorigenesis (Huang C.-K. et al., 2020; Li et al.,
2020; Yang J. et al., 2021; Song et al., 2021), some RBP can also
regulate the generation of circRNAs, which also has an important
role in tumor development (2016; Li H. et al., 2021; Liu Z. et al.,
2021; Wang et al., 2021d; Wang and Lei, 2021; Yang T. et al.,
2021). The translation function of circRNAs is also becoming a
hot topic, and the translation initiation mechanism of circRNAs
mainly includes cap-dependent, IRES-dependent, m6a-
dependent and small ORF-dependent translation initiation (He
L. et al., 2021; Wang X. et al., 2021), and circRNAs encode
proteins with the function of suppressing tumor activity and
protecting proteins from degradation (Chen C.-K. et al., 2021;
Wang et al., 2021d; Ma et al., 2021; Qi et al., 2021). In summary,

the interactions between circRNAs and proteins and its
translation function are of great significance for the study of
tumors, and more in-depth studies should be conducted in this
area in the future.

CircRNAs are highly stable and widely expressed in a variety
of tissues and body fluids, and thus can be used as potential
diagnostic and prognostic biomarkers. Studies have shown that
circRNAs are abundant and stable in exosomes, and some
circRNAs are more highly expressed in blood than in tissues
(D’Ambrosi et al., 2021; Reese and Dhayat, 2021; Tian et al., 2021;
van Zonneveld et al., 2021). The high expression and stability of
circRNAs in body fluids would be more beneficial for their
clinical applications (Bu et al., 2021; Fontemaggi et al., 2021;
Wang et al., 2021h; Zhao et al., 2021). However, despite the
identification of thousands of tissue- and disease-specific
circRNAs by RNA-seq (Kaushik et al., 2021; Tian-Zhao et al.,
2021), the understanding of the mechanism of circRNAs
generation and biological functions is limited at this stage.
Further research is needed to explore the circRNAs associated
with GBM, with the aim of being able to be used in combination
with traditional biological diagnostic indicators for clinical
adjuvant screening of GBM at an early stage, thus indirectly
improving the survival rate of GBM patients and achieving early
detection and treatment. It is believed that as more and more
GBM-related and structurally diverse circRNAs are discovered,
the elucidation of complex molecular regulatory mechanisms of
GBM and the application of circRNAs-based GBM diagnosis and
treatment will have a broad prospect.

In summary, circRNAs are important regulators of GBM
genesis and can act as endogenous RNAs or miRNAs sponges
competitively repressing miRNAs, thereby altering target gene
expression and participating in the development of GBM.
Although the exact role of circRNAs in GBM genesis and
prognosis is unknown, it is speculated that aberrant expression
of circRNAs and their biased distribution in tumors may be
common, with different circRNAs expressed up- or down-
regulated in GBM cells and tissues, acting through different
mechanisms of action.
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Osteoarthritis (OA) is a joint disease that is pervasive in life, and the incidence and mortality
of OA are increasing, causingmany adverse effects on people’s life. Therefore, it is very vital
to identify new biomarkers and therapeutic targets in the clinical diagnosis and treatment of
OA. ncRNA is a nonprotein-coding RNA that does not translate into proteins but
participates in protein translation. At the RNA level, it can perform biological functions.
Many studies have found that miRNA, lncRNA, and circRNA are closely related to the
course of OA and play important regulatory roles in transcription, post-transcription, and
post-translation, which can be used as biological targets for the prevention, diagnosis, and
treatment of OA. In this review, we summarized and described the various roles of different
types of miRNA, lncRNA, and circRNA in OA, the roles of different lncRNA/circRNA-
miRNA-mRNA axis in OA, and the possible prospects of these ncRNAs in clinical
application.

Keywords: osteoarthritis, miRNA, lncRNA, circRNA, lncRNA/circRNA-miRNA-mRNA axis

INTRODUCTION

Osteoarthritis (OA) is a joint disease that is pervasive in life. It is largely caused by cartilaginous
injury and affects the whole joint tissue (Pereira et al., 2015). Nearly half of people over 65 suffer from
OA.(Sakalauskienė and Jauniškienė, 2010; Glyn-Jones et al., 2015). Globally, the incidence and
mortality of OA are increasing (Bijlsma et al., 2011). Arthrodynia, swelling, and inability to move
freely are the main symptoms of OA and cause many adverse effects on people’s lives. Several risk
factors (Prieto-Alhambra et al., 2014), including age, sex, obesity, genetics, and joint damage, have
been linked to OA progression (Felson et al., 2000; Vincent, 2019; Abramoff and Caldera, 2020).
Articular cartilage degeneration and secondary osteogenesis are the main pathological
manifestations of OA (Burr and Gallant, 2012). The long-term development of OA will not only
affect people’s behaviors and activities but also cause depression, anxiety, and other negative
emotions (Litwic et al., 2013). To provide more perfect, targeted treatment for patients with OA,
the progression of OA needs to be studied. The specific pathogenesis of OA may be related to
metalloproteinases (Mehana et al., 2019), cytokines (Boehme and Rolauffs, 2018), signaling pathways
(Rigoglou and Papavassiliou, 2013), and noncoding RNA (ncRNA) (Sondag and Haqqi, 2016).

ncRNA is a nonprotein-coding RNA that does not translate into proteins but participates in
protein translation. At the RNA level, it can perform biological functions (Wu et al., 2019).
microRNA (miRNA), long ncRNA (lncRNA), circular RNA (circRNA), ribosomal RNA (rRNA),
transfer RNA (tRNA), small nuclear RNA (snRNA), small nucleolar RNA (snoRNA), small
interfering RNA (siRNA), short hairpin RNA (shRNA) and Piwi-interactingRNA (piRNA) are
the main ncRNAs(Chen et al., 2021). Studies have found that ncRNA is closely related to the
occurrence of several diseases for the past few years (Esteller, 2011; Wang et al., 2019b). For example,
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promoter CpG methylation of two genes encoding members of
the miR-200 family can easily lead to the occurrence and
development of breast and colorectal cancer (Lim et al.,
2013); miR-34b/c is a critical tumor suppressor. The
methylation of miR-34b/c CpG island leads to the silence of
miR-34b/c, thus increasing the incidence of tumors (Toyota
et al., 2008); the decreased expression of miR-133 may induce
myocardial hypertrophy by targeting the beta-1 adrenergic
receptor pathway (Castaldi et al., 2014). Many studies have
also found that miRNA, lncRNA, and circRNA are closely
related to the course of OA, and play important regulatory
roles in transcription, post-transcription, and post-translation
(Li et al., 2019b; Zhang et al., 2021e). The interaction between
lncRNA/circRNA, miRNA, and mRNA has attracted increasing
attention. For example, lncRNA/circRNA can bind to miRNA,
reduce the inhibitory effect of miRNA on mRNA, participate in
regulating the progress of chondrocyte proliferation and
apoptosis, extracellular matrix (ECM) degradation and
inflammatory response in the progress of OA. Furthermore,
lncRNA-p21 could induce chondrocyte apoptosis and slow the
process of OA by binding to miR-451 and promoting the
expression of downstream target gene mRNA (Tang et al.,
2018a). This review describes the roles of miRNA, lncRNA,
and circRNA in OA and the role of the lncRNA/
circRNA–miRNA–mRNA axis in OA.

MIRNAS AND OA

miRNA is a single-stranded RNAmolecule with a length of about
20–24 nucleotides (Correia de Sousa et al., 2019). It belongs to
one type of ncRNA and widely exists in eukaryotes to regulate the
expression of other genes. miRNA regulates gene expression
based on complete or incomplete pairing with mRNA. In most
cases, the single-stranded miRNA in the complex is paired with
the 3′UTR of the target mRNA in an incomplete complementary
manner, blocking the translation of the gene and regulating gene
expression. This process, called translation inhibition, is mainly
found in animal cells. When the miRNA is completely
complementary to the 3′UTR of the target mRNA, the mRNA
in the complementary region would be specifically broken,
eventually leading to gene silencing, and the process called
post-transcriptional gene silencing, which will eventually lead
to the degradation of target mRNA, mainly exists in plant cells
(Liu et al., 2014a). The same gene can be regulated by multiple
miRNAs, and multiple target genes can be regulated by the same
miRNA (Iacona and Lutz, 2019). The formation and mechanism
of miRNA are shown in Figure 1.

With the deepening of research, miRNAs have been
discovered and studied increasingly, and they have become a
potential target in disease prevention and treatment. miRNA has
many functions roles in human diseases, such as regulating cell

FIGURE 1 | Formation andmechanism of miRNA. miRNAs are first transcripted into longer primary miRNAs in the nucleus and then processed into hairpin RNAs of
60–70 nucleotides in the nucleus by Drosha, Pasha et al. The precursor miRNAs are transported out of the cell nucleus with the help of the Ran-GTP-dependent
nucleoplasmic/cell transporter Exprotin-5 and split into 21–25 nucleotide length double-stranded miRNAs in the cytoplasm by Dicer. Subsequently, the double helix is
derotated by the action of the derotation enzyme, and one of the strands is integrated into the RNA-induced silencing complex (RISC), an asymmetric RISC
assembly is formed, and the other chain is immediately degraded.
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autophagy (Li et al., 2019h), epigenesis (Yao et al., 2019), glucose
metabolism (Fu et al., 2015). Chen et al. (2018c) developed a
computational model for disease association prediction to detect
potential miRNA-disease associations accurately and efficiently.
By studying three common human cancers (Zhang et al., 2021b),
namely, colon cancer, esophagus cancer, and kidney cancer,
many miRNAs were confirmed to be connected with the three
kinds of cancer. In addition, many studies have proven that
miRNA is related to the pathological processes of intervertebral
disc degeneration (Shi et al., 2021b), muscle atrophy (Zhang et al.,
2021a), and cardiovascular diseases (Liu et al., 2021a).

Currently, growing findings reveal that miRNA expression
level changes exist in various tissues of patients with OA, leading
to abnormal target gene expression. miRNA has many functions
in OA, such as regulating cell autophagy and apoptosis (Yu et al.,
2019b), inflammatory reaction (Sui et al., 2019), and cartilage
degradation (Guo et al., 2020). Changes in miRNA expression
levels in different tissues can be experimented with by gene
sequencing. Gene sequencing is a new type of gene detection
technology, which can analyze and determine the whole sequence
of genes from blood or saliva to predict the possibility of suffering
from various diseases and lock in individual diseased genes for
early prevention and treatment. Zhou et al. (2020b) revealed 21
differentially expressed miRNAs in synovial tissues from OA
patients compared with normal controls by gene sequencing
technology. The expression levels of the first two
DEmiRNAs(hsa-miR-17-5p and hsa-miR-20b-5p), which cover
most of the DEmRNAs, were analyzed and found to be down-
regulated in OA, which was also confirmed by qRT-PCR
verification. Ntoumou et al. (2017) assessed differential
miRNA expression by microarray analysis in the serum of
patients with OA. Compared with the control group, 279
miRNAs were differentially expressed in OA. This study
focused on analyzing and studying three differentially
expressed miRNAs: hsa-miR-140-3p, hsa-miR-671-3p, and
hsa-miR-33b-3p. We found that the expression of these three
miRNAs was down-regulated in the serum of OA patients.
Through serum microRNA array analysis and bioinformatics
analysis, they determined that these three miRNAs were potential
OA biomarkers involved in the metabolic processes of insulin and
cholesterol. OA is a metabolic disease, and insulin resistance plays
a vital role in metabolic syndrome. Therefore, the metabolic
processes of insulin and cholesterol in the body are closely
related to OA. In addition, based on RNA sequencing and
miRNA analysis, Wu et al. (2021a) identified that miR-210-5p
is highly enriched in the exosomes of OA sclerotic subchondral
osteoblasts, triggering the expression of genes associated with
catabolism in articular chondrocytes. Therefore, the abnormal
up-regulation of miR-210-5p in exosomes could serve as a marker
for OA. Notably, miRNA show obvious tissue specificity in
different OA tissues. For example, the expression of miR-
125b-5p in synovial fluid and chondrocytes is different in OA
patients. Ge et al. (2017) found by PCR that miR-125b-5p in
synovial fluid was significantly up-regulated in OA patients
compared with normal subjects, promoting synovial cell
apoptosis by targeting syvn1. Rasheed et al. (2019) treated
chondrocytes with IL-1β to construct OA cell models and

determined the expression of miR-125b-5p using Taqman
analysis. They found that miR-125b-5p in chondrocytes was
significantly down-regulated compared to healthy individuals
and regulated inflammatory genes in OA chondrocytes by
targeting TRAF6. Our appeal study found that expression
levels of multiple miRNAs in the synovial membrane,
cartilage, and subchondral bone were altered in OA patients
compared to healthy individuals. In addition, even in the same
tissue, if in different stages of development, the expression of
miRNAs may be different. For example, in different stages of the
knee joint cartilage of rats, Sun et al. (2011) used Solexa
sequencing and RT-qPCR detection for the expression of
miRNAs. They tested the miRNAs in the rat knee joint
cartilage at the starting point, on Day 21 and Day 42, and
found that the expression of miRNAs was different at each
stage. Among them, 4 representative miRNAs were selected
for further analysis. Compared with the initial stage, the
expressions of aggrecan, colia1, and ColXa1 were up-regulated
on day 21. The expression of ColXa1 was up-regulated on day 42,
whereas those of aggrecan and colia1 were down-regulated. The
expression of Sox9 showed minimal change during the three
stages. Gabler et al. (2015) found that miRNA could control the
differentiation of chondrocytes and regulate the occurrence of
OA. During the development of human bone marrow
mesenchymal stem cells (HMSCs), the expression of miRNA
in different development stages is also different. By microarray
analysis, the miR spectra of HMSCs in patients with OA at
different development time points were measured. Among the
1,349 detected miRNAs, 553 were expressed in cartilage
formation, they further performed miRNAs detection at 7, 14,
21, and 42 days after cartilage formation and found that their
expression of miRNAs was also different. In summary, the
expression of miRNAs in OA patients is different in different
tissues and between different stages of development of the same
tissue.

It is well known that many intracellular signaling pathways,
such as nuclear factor-kappaB(NF-κB) and transforming growth
factor β (TGF-β) played an vital roles in the pathogenesis of OA
(Nishimura et al., 2020). In recent years, more studies discovered
that miRNA can delay the pathological process of OA by
promoting or inhibiting these pathways (Xu et al., 2016). NF-
κB is an essential nuclear transcription factor in cells participating
in the inflammatory and immune response of the body and
apoptosis regulation (Lawrence, 2009). For example, as the
3′UTR of NF-κB contains the binding site of miR-143 and
miR-124, when the DNA methylation degree of miR-143 and
miR-124 promoters is reduced, the expression of miR-143 and
miR-124 is up-regulated, and the transcription process is
activated, thereby inhibiting the NF-κB signaling pathway,
inhibiting apoptosis and delaying the progression of OA (Qiu
et al., 2020). Similarly,When the expression levels of miR-34a and
miR-181a were decreased, the expression of the BCL2 gene was
increased, thereby limiting the term of NF-κ B translocation into
the nucleus in OAChondrocytes cultures and eventually reducing
apoptosis and oxidative stressl (Cheleschi et al., 2019). The TGF-β
signaling pathway is involved in many cellular processes in
mature organisms and developing embryos, including cell
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TABLE 1 | Functional characterization of the miRNAs in OA.

miRNA Expression Target gene(s) Tissue/cell source Region Model Functions Reference

miR-103 Up SPHK1 Cartilage tissue knee joint, hip
joint

OA rat model Apoptosis Li et al. (2019a)

Up Sox6 Cartilage tissue knee joint OA cell
model

Apoptosis Chen and Wu, (2019)

miR-34a Up TGIF2 Synovial fluid knee joint OA cell
model

Apoptosis Luo et al. (2019a)

Up DLL1 Cartilage tissue knee joint, hip
joint

OA rat model Apoptosis Zhang et al. (2018d)

Up SIRT1/p53 Cartilage tissue knee joint OA rat model Apoptosis Yan et al. (2016)
Up Cyr61 Cartilage tissue knee joint OA cell

model
Apoptosis Yang et al. (2018a)

Up —— Cartilage tissue knee joint OA rat model Apoptosis Tao et al. (2020)
Up —— Cartilage tissue knee joint OA rat model Apoptosis Abouheif et al. (2010)

miR-486-5p Up SMAD2 Cartilage tissue knee joint OA cell
model

Apoptosis Shi et al. (2018)

miR-375 Up JAK2 Cartilage tissue knee joint OA mouse
model

Apoptosis Zou et al. (2019)

Up ATG2B Cartilage tissue knee joint OA mouse
model

Autophagy Li et al. (2020c)

miR-29b Up PTHLH Cartilage tissue knee joint OA mouse
model

Apoptosis Dou et al. (2020)

Up Wnt5a —— —— OA mouse
model

cartilage degradation Sun et al. (2020)

Up COL2A1, COL1A2 Cartilage tissue knee joint, hip
joint

OA mouse
model

Apoptosis Moulin et al. (2017)

Up COL1A1, COL3A1 Cartilage tissue knee joint, hip
joint

OA cell
model

Apoptosis Mayer et al. (2017)

miR-29b-3p Up PGRN Cartilage tissue knee joint OA rat model Apoptosis Chen et al. (2017)
miR-124A Up QKI, MAP 1B Cartilage tissue knee joint OA rat model cartilage degradation Jiang et al. (2020b)
miR-455-3p Up PAK2 Cartilage tissue knee joint OA mouse

model
cartilage degradation Hu et al. (2019b)

Up COL2A1 Cartilage tissue —— OA cell
model

Apoptosis, Inflammation Cheng et al. (2020)

Up PTEN Bone marrow,
Cartilage tissue

—— OA mouse
model

Apoptosis, Inflammation Wen et al. (2020)

miR-30b Up ERG Cartilage tissue knee joint OA cell
model

cartilage degradation Li et al. (2015)

miR-181 Up PTEN Cartilage tissue knee joint OA cell
model

Apoptosis Wu et al. (2017b)

miR-324-5p Up Gpc1 Cartilage tissue —— OA cell
model

—— Woods et al. (2019)

miR-146a Up TRAF6 Cartilage tissue knee joint, hip
joint

OA cell
model

Apoptosis Zhong et al. (2017)

Up Camk2d, Ppp3r2 Cartilage tissue knee joint OA mouse
model

cartilage degradation Zhang et al. (2017)

Up Smad4 Cartilage tissue knee joint OA rat model Apoptosis Li et al. (2012)
Up CXCR4 Cartilage tissue —— OA mouse

model
nflammation Sun et al. (2017)

miR-
146a-5p

Up TRAF6 Cartilage tissue hip joint OA cell
model

Apoptosis Shao et al. (2020)

Up TXNIP SW1353 and C28/I2
cells

—— —— Apoptosis, Inflammation Zhao and Gu, (2020)

Up —— Cartilage tissue,
Blood

—— OA cell
model

cartilage degradation,
Inflammation

Skrzypa et al. (2019)

miR-146b Up A2M Cartilage tissue knee joint OA mouse
model

Apoptosis, cartilage
degradation

Liu et al. (2019d)

Up —— Bone marrow,
Cartilage tissue

—— OA cell
model

Apoptosis Budd et al. (2017)

miR-1236 Up rs4246215 Cartilage tissue knee joint OA cell
model

Apoptosis Wang et al. (2020b)

miR-10a-5p Up HOXA3 Cartilage tissue,
Blood

—— OA mouse
model

Apoptosis, cartilage
degradation

Li et al. (2020b)

Up HOXA1 Cartilage tissue hip joint OA mouse
model

Apoptosis Ma et al. (2019b)

(Continued on following page)
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TABLE 1 | (Continued) Functional characterization of the miRNAs in OA.

miRNA Expression Target gene(s) Tissue/cell source Region Model Functions Reference

miR-27b-3p Up KDM4B Cartilage tissue knee joint OA rat model Inflammation Zhang et al. (2020c)
miR-483-5p Up Matn3, Timp2 Cartilage tissue knee joint OA mouse

model
cartilage degradation Wang et al. (2017b)

miR-340-5p Up FMOD Cartilage tissue knee joint OA mouse
model

Apoptosis Zhang et al. (2018c)

miR-195 Up PTHrP Cartilage tissue knee joint OA rat model Apoptosis Cao et al. (2019b)
miR-195-5p Up REGγ Cartilage tissue —— OA mouse

model
Apoptosis Shu et al. (2019)

miR-23b-3p Up COL11A2 Cartilage tissue knee joint OA mouse
model

inflammation Yang et al. (2019b)

miR-448 Up matrilin-3 Cartilage tissue knee joint OA cell
model

Apoptosis, cartilage
degradation

Yang et al. (2018b)

miR-203 Up ERα Blood, Cartilage
tissue

—— OA rat model cartilage degradation Tian et al. (2019)

Up MCL-1 Cartilage tissue —— OA cell
model

Apoptosis, cartilage
degradation, Inflammation

Zhao et al. (2017)

miR-203a Up Smad3 Cartilage tissue knee joint OA cell
model

cartilage degradation,
Inflammation

An et al. (2020)

miR-21 Up GDF-5 Cartilage tissue —— OA cell
model

Apoptosis Zhang et al. (2014)

miR-21-5p Up FGF18 Cartilage tissue knee joint OA mouse
model

Apoptosis, cartilage
degradation

Wang et al. (2019e)

miR-218-5p Up PIK3C2A Cartilage tissue knee joint OA mouse
model

cartilage degradation,
Apoptosis

Lu et al. (2017)

miR-449a Up GDF5 Cartilage tissue —— OA cell
model

cartilage degradation Wu et al. (2018a)

miR-
125b-5p

Up SYVN1 Synovial fluid —— OA cell
model

Apoptosis Ge et al. (2017)

miR-384-5p Up SOX9 Cartilage tissue knee joint OA mouse
model

Apoptosis Zhang et al. (2020i)

miR-23a-3p Up SMAD3 Cartilage tissue —— OA cell
model

cartilage degradation Kang et al. (2016a)

miR-139 Up MCPIP1 Cartilage tissue —— OA cell
model

Apoptosis Makki and Haqqi, (2015)

miR-206 Up —— Cartilage tissue knee joint OA cell
model

Apoptosis Ni et al. (2018)

miR-382-3p Up CX43 Cartilage tissue knee joint OA cell
model

Inflammation Lei et al. (2019)

miR-101 Up Sox9 Synovial fluid knee joint OA rat model cartilage degradation Dai et al. (2015)
miR-30a Up Sox9 Cartilage tissue knee joint OA cell

model
cartilage degradation,
Inflammation

Chang et al. (2016)

Up DLL4 bone marrow —— OA rat model Cell differentiation Tian et al. (2016)
miR-216b Up Smad3 Cartilage tissue knee joint OA cell

model
cartilage degradation He et al. (2017)

miR-128a Up Atg12 Cartilage tissue knee joint OA rat model Autophagy Lian et al. (2018)
miR-20a Up IkBβ Cartilage tissue,

blood
—— OA rat model Inflammation Zhao and Gong, (2019)

miR-136 Up Mcl-1 Cartilage tissue —— OA cell
model

Apoptosis, cartilage
degradation, Inflammation

Wang and Kong, (2018)

miR-130b Up SOX9 Bone marrow,
Cartilage tissue

—— OA rat model Cell differentiation Zhang et al. (2021c)

miR-132-3p Up ADAMTS-5 Bone marrow,
Cartilage tissue

—— OA rat model Cell differentiation Zhou et al. (2018c)

miR-1246 Up HNF4γ Cartilage tissue —— OA mouse
model

Inflammation Wu et al. (2017a)

miR-9 Up —— Cartilage tissue —— OA mouse
model

Apoptosis, cartilage
degradation, Inflammation

Zhang et al. (2019e)

miR-222 Up HDAC-4 Cartilage tissue knee joint OA mouse
model

Apoptosis Song et al. (2015)

miR-155 Up PIK3R1 Cartilage tissue knee joint OA cell
model

Apoptosis Fan et al. (2020)

miR-33a Up Smad7 Cartilage tissue knee joint OA cell
model

Cell differentiation Kostopoulou et al. (2015)

(Continued on following page)
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TABLE 1 | (Continued) Functional characterization of the miRNAs in OA.

miRNA Expression Target gene(s) Tissue/cell source Region Model Functions Reference

miR-93 Down TLR4 Cartilage tissue,
Synovial fluid

knee joint OA mouse
model

Apoptosis, inflammation Ding et al. (2019)

miR-93-5p Down TCF4 Cartilage tissue knee joint OA rat model Apoptosis Xue et al. (2019)
miR-92a-3p Down WNT5A Bone marrow,

Cartilage tissue
—— OA mouse

model
cartilage degradation Mao et al. (2018b)

miR-92a-3p Down HDAC2 Bone marrow,
Cartilage tissue

—— OA cell
model

cartilage degradation Mao et al. (2017b)

miR-92a-3p Down ADAMTS-4,
ADAMTS-5

Cartilage tissue knee joint OA cell
model

cartilage degradation,
Inflammation

Mao et al. (2017a)

miR-107 Down TRAF3 Cartilage tissue knee joint OA rat model Autophagy and apoptosis Zhao et al. (2019b)
miR-
101a-3p

Down UBE2D1, FZD4 Cartilage tissue —— OA rat model Apoptosis Mao et al. (2021a)

miR-671 Down —— Cartilage tissue knee joint OA mouse
model

Apoptosis Zhang et al. (2019a)

miR-671-3p Down TRAF3 Cartilage tissue knee joint OA cell
model

cartilage degradation,
Inflammation, Apoptosis

Liu et al. (2019e)

miR-140 Down —— Synovial fluid,
Cartilage tissue

knee joint OA cell
model

cartilage degradation Si et al. (2016)

Down RALA Cartilage tissue knee joint OA cell
model

Cell differentiation Karlsen et al. (2014)

Down IGFBP-5 Cartilage tissue knee joint OA cell
model

cartilage degradation Tardif et al. (2009)

Down IGFBP5 Cartilage tissue knee joint OA cell
model

inflammation Karlsen et al. (2016)

Down ADAMTS5 Cartilage tissue —— OA mouse
model

cartilage degradation Miyaki et al. (2010)

Down MMP-13 Cartilage tissue —— OA cell
model

cartilage degradation (Liang et al., 2012; Liang
et al., 2016)

Down SMAD1 Cartilage tissue —— OA cell
model

Apoptosis Li et al. (2018a)

Down NFAT3, SMAD3 Cartilage tissue knee joint OA cell
model

inflammation Tardif et al. (2013)

miR-140-3p Down CXCR4 Cartilage tissue knee joint OA cell
model

Apoptosis Ren et al. (2020)

miR-140-5p Down SMAD3 —— —— OA mouse
model

inflammation Li et al. (2019d)

Down HMGB1 Cartilage tissue knee joint OA cell
model

inflammation Wang et al. (2020d)

Down FUT1 Cartilage tissue knee joint OA cell
model

Apoptosis Wang et al. (2018b)

miR-33b-3p Down DNMT3A Cartilage tissue knee joint OA cell
model

Apoptosis Ma et al. (2019a)

miR-766-3p Down AIFM1 Cartilage tissue —— OA cell
model

cartilage degradation Li et al. (2020g)

miR-26a Down —— Cartilage tissue knee joint OA rat model inflammation Zhao et al. (2019c)
miR-26a/
miR-26b

Down FUT4 Cartilage tissue knee joint OA rat model Apoptosis Hu et al. (2018a)

miR-26a-5p Down PTGS2 Bone marrow,
Synovial fluid

—— OA rat model Apoptosis, Inflammation Jin et al. (2020)

miR-377-3p Down ITGA6 Cartilage tissue knee joint OA cell
model

Apoptosis Tu et al. (2020)

miR-410-3p Down HMGB1 Synovial fluid,
Cartilage tissue

knee joint OA mouse
model

Apoptosis, Inflammation Pan et al. (2020)

miR-142-3p Down HMGB1 Cartilage tissue knee joint OA mouse
model

Apoptosis, Inflammation Wang et al. (2016c)

miR-210 Down HIF-3α Cartilage tissue knee joint OA cell
model

Apoptosis, cartilage
degradation

Li et al. (2016)

Down DR6 Cartilage tissue knee joint OA rat model Apoptosis, Inflammation Zhang et al. (2015)
miR-122 Down SIRT1 Cartilage tissue knee joint OA cell

model
cartilage degradation Bai et al. (2020a)

miR-337-3p Down PTEN Cartilage tissue knee joint OA cell
model

Apoptosis Huang et al. (2017)

miR-129-3p Down CPEB1 Cartilage tissue knee joint OA rat model Apoptosis Chen et al. (2020d)
(Continued on following page)
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TABLE 1 | (Continued) Functional characterization of the miRNAs in OA.

miRNA Expression Target gene(s) Tissue/cell source Region Model Functions Reference

miR-675-3p Down GNG5 Cartilage tissue knee joint OA cell
model

Apoptosis, cartilage
degradation

Shen et al. (2020b)

miR-132 Down PTEN Cartilage tissue,
Blood

—— OA rat model Apoptosis Zhang et al. (2021d)

miR-137 Down TCF4 Cartilage tissue knee joint OA rat model Apoptosis, inflammation Wang et al. (2020a)
miR-320c Down β-catenin Cartilage tissue knee joint OA mouse

model
Apoptosis Hu et al. (2019a)

miR-29a Down Bax Cartilage tissue —— OA cell
model

Apoptosis Miao et al. (2019)

Down VEGF Synovial fluid knee joint OA cell
model

cartilage degradation,
Inflammation

Ko et al. (2017)

miR-
193b-3p

Down MMP-19 Cartilage tissue knee joint OA cell
model

Inflammation Chang et al. (2018)

miR-
193b-3p

Down HDAC3 Cartilage tissue knee joint OA mouse
model

cartilage degradation Meng et al. (2018)

miR-
193b-5p

Down HDAC7 Cartilage tissue knee joint, hip
joint

OA cell
model

Inflammation Zhang et al. (2019b)

miR-136-5p Down ELF3 Bone marrow,
Cartilage tissue

—— OA mouse
model

Apoptosis, cartilage
degradation

Chen et al. (2020e)

miR-
374a-3p

Down WNT5B —— —— OA cell
model

Apoptosis Shi and Ren, (2020)

miR-19b-3p Down GRK6 Cartilage tissue knee joint, hip
joint

OA cell
model

cartilage degradation,
Inflammation

Duan et al. (2019a)

miR-221-3p Down SDF1/CXCR4 Cartilage tissue knee joint OA cell
model

cartilage degradation Zheng et al. (2017)

miR-502-5p Down TRAF2 Cartilage tissue knee joint, hip
joint

OA cell
model

cartilage degradation,
Inflammation

Zhang et al. (2016b)

miR-31 Down CXCL12 Cartilage tissue —— OA cell
model

Apoptosis Dai et al. (2019)

miR-488 Down ZIP-8 Cartilage tissue knee joint OA mouse
model

cartilage degradation Song et al. (2013)

miR-125b Down ADAMTS-4 Cartilage tissue knee joint OA cell
model

—— Matsukawa et al. (2013)

miR-181c Down NEAT1 Synovial fluid —— OA cell
model

Apoptosis, Inflammation Wang et al. (2017d)

miR-615-3p Down —— bone marrow —— OA rat model Inflammation Zhou et al. (2018a)
miR-211-5p Down Fibulin-4 Cartilage tissue —— OA rat model cartilage degradation,

Inflammation
Liu and Luo, (2019)

miR-19a Down SOX9 Cartilage tissue knee joint OA cell
model

Apoptosis Yu and Wang, (2018)

miR-503-5p Down SGK1 Cartilage tissue knee joint OA rat model Apoptosis, Inflammation Wang et al. (2021b)
miR-33 Down CCL2 Cartilage tissue —— OA mouse

model
Inflammation Wei et al. (2016)

miR-27 Down Leptin Cartilage tissue —— OA rat model Inflammation Zhou et al. (2017)
miR-186 Down SPP1 Cartilage tissue —— OA mouse

model
Apoptosis Lin et al. (2019)

miR-149 Down TAK1 Cartilage tissue —— OA cell
model

Inflammation Chen et al. (2018a)

miR-204-5p Down Runx2 Cartilage tissue knee joint OA rat model Apoptosis Cao et al. (2018a)
miR-128-3p Down WISP1 Cartilage tissue knee joint OA cell

model
Apoptosis, cartilage
degradation, Inflammation

Chen and Li, (2020)

miR-320 Down MMP-13 Cartilage tissue —— OA mouse
model

Inflammation Meng et al. (2016)

miR-558 Down COX-2 Cartilage tissue knee joint OA cell
model

Inflammation Park et al. (2013)

miR-634 Down PIK3R1 Cartilage tissue —— OA cell
model

cartilage degradation Cui et al. (2016)

miR-24 Down C-myc Cartilage tissue knee joint OA rat model Apoptosis Wu et al. (2018b)
miR-365 Down HIF-2α Cartilage tissue knee joint OA cell

model
Apoptosis Hwang et al. (2017)

miR-126-3p Down —— Synovial fluid knee joint OA rat model cartilage degradation,
Inflammation

Zhou et al. (2021d)

miR-
520c-3p

Down GAS2 Cartilage tissue hip joint OA cell
model

Apoptosis, cartilage
degradation

Peng et al. (2021)

(Continued on following page)
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growth, differentiation, apoptosis, dynamic cell balance, and
other cellular functions. By promoting or inhibiting the TGF-β
signaling pathway, we can regulate the cellular processes, thereby
inducing or delaying the progression of OA (Shen et al., 2014).
Hu et al. (2019b) established OA mouse models. QPCR and
Western blot were used to compare the expression of miR-455-3p
and PAK2 in the cartilage of healthy individuals and patients with
OA, and the luciferase reporter gene was used to analyze the
interaction between them. The results showed that miR-455-3p
could inhibit the expression of pak 2, promote the TGF-β
signaling pathway, and ultimately inhibit OA by directly
targeting PAK2 3′UTR. In summary, various miRNAs are
involved in regulating OA progression by handling a variety of

intracellular signaling pathways. In addition, increasing evidence
also emphasizes that changes in the expression of many miRNAs
can also directly regulate the development of OA. The specific
information of these miRNAs is listed in Table 1.

LNCRNAS AND OA

lncRNAs are ncRNAs with a length of more than 200 nucleotides
that have little or no protein-coding potential, and account for
more than 80% of total lncRNAs(Ponting et al., 2009). At first,
lncRNAwas considered the “noise” of genome transcription, with
no biological function, and its mechanism of action was only in

TABLE 1 | (Continued) Functional characterization of the miRNAs in OA.

miRNA Expression Target gene(s) Tissue/cell source Region Model Functions Reference

miR-
1207-5p

Down CX3CR1 Cartilage tissue —— OA cell
model

Apoptosis, cartilage
degradation

Liu et al. (2020b)

miR-152 Down TCF-4 Cartilage tissue knee joint, hip
joint

OA rat model Apoptosis Wan et al. (2020)

miR-296-5p Down TGF-β Cartilage tissue knee joint OA cell
model

Apoptosis, cartilage
degradation

Cao et al. (2020)

miR-373 Down P2X7R Cartilage tissue,
Blood

—— OA cell
model

cartilage degradation,
Inflammation

Zhang et al. (2018e)

miR-25-3p Down IGFBP7 Cartilage tissue —— OA rat model Apoptosis He and Deng, (2021)
miR-95-5p Down HDAC2, HDAC8 Bone marrow,

Cartilage tissue
—— OA cell

model
cartilage degradation Mao et al. (2018a)

miR-181a Down GPD1L Cartilage tissue knee joint OA cell
model

Apoptosis Zhai et al. (2017)

miR-411 Down HIF-1α Cartilage tissue —— OA cell
model

autophagy Yang et al. (2020b)

miR-98 Down Bcl-2 Cartilage tissue —— OA mouse
model

Apoptosis Wang et al. (2017c)

Down Bcl-2 Cartilage tissue —— OA rat model cartilage degradation、
Apoptosis

Wang et al. (2016b)

Down —— Cartilage tissue knee joint OA rat model Apoptosis Wang et al. (2016a)
miR-
125b-5p

Down TRAF6 Cartilage tissue knee joint, hip
joint

OA cell
model

Inflammation Rasheed et al. (2019)

miR-27a Down TLR4 Cartilage tissue knee joint, hip
joint

OA rat model cartilage degradation、
Inflammation

Qiu et al. (2019)

Down NF-κB Cartilage tissue knee joint OA rabbit
model

Apoptosis, Inflammation Zhang et al. (2019c)

Down PLK2 Cartilage tissue knee joint OA rat model Apoptosis Liu et al. (2019c)
miR-15a-5p Down PTHrP Cartilage tissue knee joint OA cell

model
Apoptosis Duan et al. (2019b)

miR-9-5p Down Tnc Cartilage tissue knee joint, hip
joint

OA mouse
model

Apoptosis Chen et al. (2019a)

miR-145 Down BNIP3 Cartilage tissue knee joint OA mouse
model

Apoptosis Wang et al. (2020c)

miR-145 Down MKK4 Cartilage tissue —— OA rat model cartilage degradation Hu et al. (2017)
miR-145 Down TNFRSF11B Cartilage tissue knee joint OA cell

model
Apoptosis Wang et al. (2017a)

Abbreviations: SPHK1, sphingosine kinase-1; SOX9, SRY-Box 9; DLL1, delta-like protein 1; SIRT1, silent information regulator 1; SMAD2, SMAD, family member 2; PTHLH, parathyroid
hormone-like hormone; Wnt5a, wnt family member 5A; PGRN, progranulin; MAP, 1B, microtubule associated protein 1B; Gpc1, glypican 1; Ppp3r2, calcineurin B, type II, protein
phosphatase 3; TXNIP, thioredoxin-interacting protein; A2M, alpha-2-macroglobulin; KDM4B, lysine demethylase 4B; Matn3, cartilage matrix protein matrilin 3; Timp2, tissue inhibitor of
metalloproteinase 2; PTHrP, parathyroid hormone-related protein; MCL-1, myeloid cell leukemia-1; GDF-5, growth differentiation factor 5; FGF18, fibroblast growth factor 18; GDF5,
growth differentiation factor 5; SYVN1, synoviolin 1; CX43, connexin 43; TLR4, toll-like receptor 4; TCF4, transcription factor 4; HDAC2, histone deacetylase 2; ADAMTS-4, aggrecanase-
1; TRAF3, TNF, receptorassociated factor 3; UBE2D1, ubiquitin-conjugating enzyme 2D1; FZD4, frizzled class receptor 4; MMP-13, matrix metalloproteinase-13; FUT1,
fucosyltransferase 1; DNMT3A, DNA, methyltransferase 3A; DR6, death receptor 6; GNG5, G-protein subunit g 5; HDAC7, histone deacetylase 7; HDAC3, histone deacetylase 3; ELF3,
E74-like factor 3; TRAF2, TNF, receptorassociated factor 2; SPP1, phosphoprotein 1; COX-2, cyclooxygenase-2; HIF-2α, hypoxia-inducible factor-2α; GAS2, Growth arrest-specific 2;
P2X7R, P2X7 receptor; IGFBP7, insulin-like growth factor-binding protein 7; HIF-1α, hypoxia-inducible factor 1 alpha; Bcl-2, B-cell lymphoma 2; PLK2, polo-like kinase 2.
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situ regulation, through recruitment and formation of chromatin
modification complexes [such as IGF2RRNA antisense (AIR),
XIST] to silence the transcription of neighboring genes. As more
detection techniques were applied to RNA studies, such as
microarray, RNA sequencing (RNA-seq), Northern blot, and
real-time quantitative reverse transcription-polymerase chain
reaction (qRT-PCR) (Zhu et al., 2013), more biological
functions of lncRNAs gradually being discovered. Recent
studies have discovered several mechanisms of action of
lncRNA, which can interact with proteins, DNA, and RNA to
regulate many biological processes (Zhu et al., 2013). For
example, lncRNA MALAT1 acts on miR-150-5P and AKT3 to
regulate cell proliferation and apoptosis (Zhang et al., 2019g),
thus participating in the growth and development of the body and
the pathological process of diseases (Kopp and Mendell, 2018)
(Figure 2).

lncRNA is closely related to cell growth, differentiation, and
senescence. In addition, lncRNA has a special relationship with
some human diseases, such as cardiovascular diseases (Huang,
2018), nervous system diseases (Zhang et al., 2019f), and
immune-mediated diseases (Zhou et al., 2018b). In the
recently updated database of lncRNA-related diseases, more
than 200,000 lncRNAs have been recorded in their association
with diseases (Bao et al., 2019).

lncRNA can regulate chondrocyte proliferation and apoptosis,
inflammatory response, and extracellular matrix degradation,
and promote the repair and stability of articular cartilage.
Recent studies have shown an essential relationship between
some changes or disorders of lncRNAs and the occurrence
and development of OA. There are many studies to detect the
expression of lncRNA in OA patients. Yang et al. (2021a)
examined the lncRNA profiles of patients with OA and
healthy individuals by RNA sequencing. They found that 25
lncRNAs are differentially expressed in patients with OA
compared with the control group. Through microarray
analysis, Xing et al. (2014) detected the expression of lncRNA
in KOA cartilage and normal cartilage and further verified it by
real-time polymerase chain reaction (RT-PCR). They found that
the expression of 121 lncRNAs in KOA is different from normal
cartilage: 73 up-regulated lncRNAs and 48 down-regulated
lncRNAs. Among the up-regulated lncRNAs, HOTAIR is the
most up-regulated. Pearson et al. (2016) separated OA
chondrocytes through collagenase digestion and analyzed
lncRNA expression through RNA sequencing (RNAseq) and
qPCR. Finally, 983 lncRNAs were identified in OA
chondrocytes. A total of 125 differentially expressed lncRNAs
were identified after interleukin-1B (IL-1B) stimulation. Through
microarray and qPCR analysis, Liu et al. (2014b) compared the

FIGURE 2 | Role of lncRNAs: 1. Epigenetic regulation: (A). lncRNA recruits chromatin remodeling and modification complexes to specific sites; regulates DNA or
RNA methylation status, chromosome structure; and promotes the expression of related genes.2. Transcriptional regulation: (B). lncRNA can help generate mature
mRNA by promoting the binding of pre-mRNA to alternative splicing factors; (C). ncRNA binding with transcription factors can inhibit the activity of target genes and
inhibit their gene expression. 3. Post-transcriptional regulation: (D). Participation in mRNA translation; (E). Involvement in mRNA degradation. 4. Regulation of
miRNA: (F). ncRNA can act as sponges of miR-compete for miR and alleviate the inhibition of target genes.
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TABLE 2 | Functional characterization of the lncRNAs in OA.

lncRNA Expression Target
genes

Related
genes

Tissue/cell
source

Region Model Functions Reference

ANRIL Up miRNA-
122-5p

DUSP4 Cartilage tissue,
synoviocytes

knee joint OA cell
model

Cell proliferation and
apoptosis

Li et al.
(2019e)

CASC2 Up —— IL-17 Blood, Synovial fluid,
chondrocyte

—— OA cell
model

Cell proliferation and
apoptosis

Huang et al.
(2019d)

CIR Up —— —— Cartilage tissue hip joint OA rat
model

Cell autophagy Wang et al.
(2018a)

Up miR-130a Bim Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Lu et al. (2018)

Up miR-27b —— Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Li et al.
(2017b)

HOTAIR Up —— MMP Cartilage tissue,
Synovial fluid

temporomandibular OA rabbit
model

Cell proliferation and
apoptosis

Zhang et al.
(2016a)

Up —— WIF-1 SW1353 cells knee joint OA cell
model

Degradation of extracellular
matrix

Yang et al.
(2020c)

Up —— —— Synovial fluid,
Cartilage tissue

knee joint OA cell
model

Cell proliferation and
apoptosis

Liang et al.
(2021)

Up —— —— Synovial tissue knee joint 0A rat
model

Cell proliferation and
apoptosis, inflammation

Mao et al.
(2019b)

Up miR-20b PTEN Cartilage tissue knee joint OA
mouse
model

Cell proliferation and
apoptosis, Degradation of
extracellular matrix

Chen et al.
(2020f)

Up miR-
130a-3p

—— Cartilage tissue —— OA
human
model

Cell proliferation and
apoptosis, Cell autophagy

He and Jiang,
(2020)

Up miR-
17-5p

FUT2 Cartilage tissue knee joint 0A rat
model

Cell proliferation and
apoptosis, Degradation of
extracellular matrix

Hu et al.
(2018b)

LOC101928134 Up —— IFNA1 Synovial fluid,
Cartilage tissue

knee joint 0A rat
model

Cell proliferation and
apoptosis, Degradation of
extracellular matrix

Yang et al.
(2019a)

LINC00671 Up —— Smurf2 Cartilage tissue knee joint OA
mouse
model

Degradation of extracellular
matrix

Chen and Xu,
(2021)

TM1P3 Up —— —— Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Li et al.
(2019g)

GAS5 Up miR-144 mTOR Cartilage tissue knee joint 0A rat
model

Cell proliferation and
apoptosis

Ji et al. (2021)

Up miR-137 —— Blood, cartilage
tissues

—— OA cell
model

Cell proliferation and
apoptosis

Gao et al.
(2020)

Up miR-21 —— Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Song et al.
(2014)

SAMD14-4 Up —— COL1A1,
COL1A2

Cartilage tissue knee joint OA cell
model

inflammation Zhang et al.
(2019d)

KLF3-AS1 Up miR-206 GIT1 Cartilage tissue knee joint OA
mouse
model

Cell proliferation and
apoptosis

Liu et al.
(2018)

CTBP1-AS2 Up miR-130a —— Cartilage tissue,
Synovial fluid

knee join、hip join OA cell
model

Cell proliferation and
apoptosis

Zhang et al.
(2020d)

H19 Up miR-
140-5p

—— Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Yang et al.
(2020a)

Up miR-675 —— Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Steck et al.
(2012)

Up miR-
106b-5p

TIMP2 Cartilage tissue,
Synovial fluid

knee joint OA cell
model

Degradation of extracellular
matrix

Tan et al.
(2020)

Up miR-
29a-3p

FOS Astrocytes —— OA rat
model

inflammation Yang et al.
(2021b)

PART1 Up miR-
373-3p

SOX4 Cartilage tissue —— OA cell
model

Cell proliferation and
apoptosis, Degradation of
extracellular matrix

Zhu and
Jiang, (2019)

LOXL1-AS1 Up miR-
423-5p

KDM5C Cartilage tissue knee join, hip join OA cell
model

Cell proliferation and
apoptosis

Chen et al.
(2020c)

(Continued on following page)
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TABLE 2 | (Continued) Functional characterization of the lncRNAs in OA.

lncRNA Expression Target
genes

Related
genes

Tissue/cell
source

Region Model Functions Reference

MALAT1 Up miR-145 ADAMTS5 Cartilage tissue —— OA cell
model

Degradation of extracellular
matrix

Liu et al.
(2019a)

Up miR-
146a-
PI3K

—— Cartilage tissue —— OA rat
model

Degradation of extracellular
matrix

Li et al.
(2020d)

TUG1 Up miR-195 MMP-13 Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Tang et al.
(2018b)

Up miR-320c MMP-13 Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix, Cell proliferation and
apoptosis

Han and Liu,
(2021)

XIST Up miR-211 CXCR4 Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Li et al.
(2018b)

Up miR-
149-5p

DNMT3A Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Liu et al.
(2020c)

Up miR-
1277-5p

—— Cartilage tissue knee join, hip join OA rat
model

Degradation of extracellular
matrix

Wang et al.
(2019d)

FOXD2-AS1 Up miR-
27a-3p

TLR4 Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Wang et al.
(2019f)

Up miR-206 CCND1 Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Cao et al.
(2018b)

NEAT1 Up miR-543 PLA2G4A Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Xiao et al.
(2021)

Up miR-
16-5p

—— ATDC5 knee joint OA cell
model

Cell proliferation and
apoptosis

Li et al.
(2020a)

Up miR-
193a-3p

SOX5 Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Liu et al.
(2020a)

IGHCγ1 Up miR-
6891-3p

TLR4 PBMCs —— OA cell
model

inflammation Zhang et al.
(2020g)

LINC00511 Up miR-
150-5p

SP1 ATDC5 —— OA cell
model

Cell proliferation and
apoptosis

Zhang et al.
(2020m)

PVT1 Up miR-
488-3p

—— Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Li et al.
(2017c)

Up miR-
27b-3p

TRAF3 Cartilage tissue —— OA cell
model

inflammation Lu et al. (2020)

Up miR-26b —— Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Ding et al.
(2020)

Up miR-149 —— Cartilage tissue knee joint OA cell
model

inflammation Zhao et al.
(2018)

Up miR-
211-3p

—— SW982 cells,
Chondrocytes

—— OA rat
model

Cell proliferation and
apoptosis

Xu et al. (2020)

CASC19 Up miR-
152-3p

DDX6 Cartilage tissue —— OA cell
model

inflammation Zhou et al.
(2021a)

CHRF Up miR-146a —— ATDC5 —— OA cell
model

inflammation Yu et al.
(2019a)

HOTTIP Up miR-663a —— Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

He et al.
(2021b)

Up miR-
455-3p

CCL3 Chondrocytes, Bone
marrow

knee join, hip join OA cell
model

Degradation of extracellular
matrix

Mao et al.
(2019a)

DANCR Up miR-
216a-5p

JAK2, STAT3 Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Zhang et al.
(2018b)

Up miR-1275 MMP-13 SFMSCs, Synovial
fluid

—— OA cell
model

Cell proliferation and
apoptosis

Fang et al.
(2019)

Up miR-577 —— Cartilage tissue knee join, hip join OA cell
model

Cell proliferation and
apoptosis

Fan et al.
(2018)

TNFSF10 Up miR-
376-3p

FGFR1 Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Huang et al.
(2019a)

ARFRP1 Up miR-
15a-5p

TLR4 Cartilage tissue knee joint OA cell
model

inflammation Zhang et al.
(2020b)

LINC00461 Up miR-
30a-5p

—— Cartilage tissue —— OA cell
model

Cell proliferation and
apoptosis

Zhang et al.
(2020n)

BLACAT1 Up miR-
142-5p

—— BMSCs, Bone
marrow

—— OA rat
model

Cell proliferation and
apoptosis

Ji et al. (2020)

(Continued on following page)
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TABLE 2 | (Continued) Functional characterization of the lncRNAs in OA.

lncRNA Expression Target
genes

Related
genes

Tissue/cell
source

Region Model Functions Reference

MCM3AP-AS1 Up miR-
1423p

HMGB1 Synovial fluid,
chondrocyte

knee join, hip join OA cell
model

Cell proliferation and
apoptosis

Gao et al.
(2019b)

MCM3AP-AS1 Down miR-
138-5p

SIRT1 Cartilage tissue knee joint OA cell
model

inflammation Shi et al.
(2021a)

PCAT-1 Up miR-
27b-3p

—— Cartilage tissue knee join, hip join OA cell
model

Cell proliferation and
apoptosis

Zhou et al.
(2021c)

PMS2L2 Up miR-203 —— ATDC5 —— OA cell
model

inflammation Li et al. (2019f)

LINC01534 Up miR-
140-5p

—— Cartilage tissue knee joint OA cell
model

inflammation Wei et al.
(2019)

MIR22HG Up miR-9-3p ADAMTS5 Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Long et al.
(2021)

PCGEM1 Up miR-770 —— Synovial fluid —— OA
mouse
model

Cell proliferation and
apoptosis

Kang et al.
(2016b)

DILC Down —— IL-6 Blood, Synovial fluid —— OA cell
model

inflammation Huang et al.
(2019b)

PACER Down —— HOTAIR Blood —— OA cell
model

Cell proliferation and
apoptosis

Jiang et al.
(2019)

MIR4435-2HG Down —— —— Blood, Synovial fluid knee joint OA cell
model

Cell proliferation and
apoptosis

Xiao et al.
(2019b)

HAND2-AS1 Down —— IL-6 Blood, Synovial fluid knee joint OA cell
model

inflammation Si et al. (2021)

ANCR Down —— TGF-β1 Blood —— OA cell
model

Cell proliferation and
apoptosis

Li et al.
(2019c)

ROR Down —— —— Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Yang et al.
(2018c)

FAS-AS1 Down —— —— Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Zhu et al.
(2018)

lncRNA-
NR024118

Down —— —— ATDC5 —— OA
mouse
model

inflammation Mei et al.
(2019)

FER1L4 Down —— IL-6 Blood, Synovial fluid —— OA cell
model

inflammation He et al.
(2021a)

ZFAS1 Down —— —— Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Ye et al.
(2018)

MEG3 Down —— VEGF Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Su et al.
(2015)

Down —— TRIB2 Synovial fluid knee joint OA cell
model

Cell proliferation and
apoptosis

You et al.
(2019)

Down miR-
361-5p

FOXO1 Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Wang et al.
(2019a)

Down miR-16 SMAD7 Cartilage tissue —— OA rat
model

Cell proliferation and
apoptosis

Xu and Xu,
(2017)

Down miR-93 TGFBR2 Cartilage tissue knee joint OA rat
model

Degradation of extracellular
matrix

Chen et al.
(2019b)

MALAT-1 Down —— —— Cartilage tissue knee joint OA rat
model

Cell proliferation and
apoptosis

Gao et al.
(2019a)

SNHG7 Down miR-
34a-5p

SYVN1 Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Tian et al.
(2020)

Down miR-
214-5p

PPARGC1B Cartilage tissue knee joint OA cell
model

inflammation Xu et al. (2021)

SNHG9 Down miR-34a —— Cartilage tissue,
Synovial fluid

knee joint OA cell
model

Cell proliferation and
apoptosis

Zhang et al.
(2020e)

NKILA Down miR-145 SP1 Cartilage tissue —— OA cell
model

Cell proliferation and
apoptosis

Xue et al.
(2020)

SNHG5 Down miR-
10a-5p

H3F3B Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Jiang et al.
(2020a)

Down miR-26a SOX2 Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Shen et al.
(2018)

PART-1 Down miR-
590-3p

TGFBR2/
Smad3

Cartilage tissue knee join, hip join OA cell
model

Cell proliferation and
apoptosis

Lu et al. (2019)

(Continued on following page)

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 77437012

Kong et al. ncRNA and Osteoarthritis

245

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


expression of lncRNA in OA cartilage and normal cartilage, and
found 152 differentially expressed lncRNAs in OA cartilage.
Compared with normal cartilage, 82 increased lncRNAs and
70 decreased lncRNAs were in OA cartilage. Using mRNA
and lncRNA microarray analysis, Zhang et al. (2020a) found
that 990 lncRNAs were different in OA chondrocytes compared
with the control group: 666 up-regulated, 324 down-regulated. In
addition, 546 mRNAs had a different expression: 419 up-
regulated, 127 down-regulated. Six lncRNAs
(ENST00000606283.1, ENST00000436872.1,
ENST00000488584.1, ENST00000603682.1, XR-245446.2, and
ENST00000605586.1) were tested by qPCR. The results were
consistent with the test results. In summary, through the
detection of lncRNA expression levels in the chondrocytes of
OA patients and healthy individuals, we can finally find that there
are differences in the expression of a variety of lncRNAs. In
addition to the lncRNAs of appeal, several lncRNAs are closely
related to the progress of OA, as shown in Table 2.

CIRCRNA AND OA

The circRNA molecule is in a closed-loop structure and is not
affected by RNA exonuclease. They are mainly in the cytoplasm
or stored in exosomes. They are stable and not easily degradable,
and widely exist in many eukaryotes. circRNAs are formed by
reverse splicing through nonclassical splicing. Onemodel believes
that in the transcription of pre-RNA, due to the partial folding of
RNA, the originally nonadjacent exons are pulled closer, and

exon jumping occurs, resulting in the formation of circular RNA
intermediates in the region to be crossed. Moreover, ring RNA
molecules composed of exons are formed by lasso splicing.
Another model suggests that the reverse complementary
sequence located in the intron region leads to intron region
pairing mediated reverse splicing, resulting in the formation of
circular RNA molecules (Chen and Yang, 2015). To date, the
biological functions of circRNAs that have been discovered
mainly include interactions with miRNAs(Cao et al., 2019a),
binding of regulatory proteins (Zang et al., 2020), transcription
of regulatory genes (Zhang, 2020), and coding functions (Lei
et al., 2020) (Figure 3). For example, circRNA.33186 increased
MMP-13 expression by interacting with miR-127-5p to regulate
cell proliferation and apoptosis (Zhou et al., 2019b).

Bipartite Network Projection allocates resources according to
the known associations between different miRNAs and diseases,
entirely using the similarity information of miRNA and diseases to
predict various conditions accurately (Chen et al., 2018b). KATZ
Measure is a graph-based calculation method, which converts the
calculation of the similarity between lncRNA and diseases into the
problem of similarity calculation between nodes in heterogeneous
networks to predict the correlation between lncRNA and
conditions. The integration of the two can recognize the
association of circRNA with the disease (Chen, 2015). Through
Bipartite Network Projection and KATZ Measure (Zhao et al.,
2019a), many circRNAs related to diseases have been discovered,
and circRNAs are involved in the diagnosis and treatment of
atherosclerosis (Zhang et al., 2018a), cancer (Li et al., 2020f),
cardiac hyperplasia (Li et al., 2020e), and other diseases. There

TABLE 2 | (Continued) Functional characterization of the lncRNAs in OA.

lncRNA Expression Target
genes

Related
genes

Tissue/cell
source

Region Model Functions Reference

OIP5-AS1 Down miR-
29b-3p

PGRN Cartilage tissue knee joint OA cell
model

inflammation Zhi et al.
(2020)

Down miR-
30a-5p

—— Cartilage tissue —— OA cell
model

Cell proliferation and
apoptosis

Qin et al.
(2021)

DNM3OS Down miR-126 CHON-001 Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

LINC00623 Down miR-101 HRAS Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Lü et al. (2020)

ATB Down miR-223 —— ATDC5 —— OA
mouse
model

inflammation Ying et al.
(2019)

HOTAIRM1-1 Down miR-125b BMPR2 Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Xiao et al.
(2019c)

HULC Down miR-101 —— Cartilage tissue knee joint OA cell
model

inflammation Chu et al.
(2019)

SNHG15 Down miR-
141-3p

BCL2L13 Cartilage tissue knee joint OA rat
model

Cell proliferation and
apoptosis

Zhang et al.
(2020k)

LINC00662 Down miR-
15b-5p

GPR120 Cartilage tissue knee joint OA rat
model

inflammation Lu and Zhou,
(2020)

LUADT1 Down miR-34a SIRT1 Synovial fluid,
chondrocytes

knee join, hip join OA cell
model

Cell proliferation and
apoptosis

Ni et al.
(2020b)

UFC1 Down miR-34a —— Cartilage tissue knee joint OA cell
model

Cell proliferation and
apoptosis

Zhang et al.
(2016c)

Abbreviations: PBMCs, peripheral blood mononuclear cells; MMP, metalloproteinases; WIF-1, Wnt inhibitory factor 1; FUT2, fucosyltransferase 2; KDM5C, lysine demethylase 5C;
DNMT3A, DNA, methyltransferase 3A; SIRT1, silent information regulator-1; TRIB2, Tribbles homolog 2; TGFBR2, transforming growth factor β receptor type II; KLF4, Krüppel-like factor
4; PPARGC1B, PPARG, coactivator 1 beta; H3F3B, H3 histone family 3B; Smad3, SMAD, family member 3; PGRN�progranulin; DNM3OS, dynamin 3 opposite strand; HRAS, Harvey rat
sarcoma viral oncogene homolog; BMPR2, bone morphogenetic protein receptor 2.
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are many experimental studies related to circRNA and diseases,
and the main research types are cell experiments or animal
experiments. Through these experiments, we have found
multiple action mechanisms of circRNA on various conditions.
For example, circRNA_100367 acts as a signaling molecule that
regulates esophageal squamous cell carcinoma through the Wnt3
signaling pathway (Liu et al., 2019b); circRNA_0016624 regulates
gene-based expression of interest in osteoporosis patients via
sponge miR-98 (Yang et al., 2020d); circRNA_100395 mitigates
the progression of breast cancer by directly targeting MAPK6 (Yu
et al., 2020).

In addition, several circRNAs participate in the development of
OA and the OA of the abnormal expression in various tissues. For
example, Xiao et al. (2019a) used illumina sequencing platform to
detect circRNA expression in patients with mild and severe KOA.
In this paper, 197 differentially expressed circRNAswere identified.
Among them, the up-regulation amplitude of Hg38_circ_0007474
is the largest, and the down-regulation amplitude of
hg38_circ_0000118 is the largest. Further analysis of the three
circRNAs selected from hsa_circ_0045714, hsa_circ_0005567, and
hsa_circ_0002485 found that all three circRNAs can inhibit the
function of the corresponding miRNA by serving as a sponge for
miRNAs and indirectly promote its downstream process, thereby
participating in the development of OA. Wang et al. (2019h) used
microarray analysis to screen for circRNA expression in healthy
and KOA articular cartilage. They found 1,380 circRNAs
differentially expressed in the articular cartilage of knee joints of

healthy individuals and patients with OA.Meanwhile, constructing
a circRNA-miRNA network verified the ten most likely target
genes related to circRNA. It was finally discovered that hsa_circ
RNA_003231might be involved in the occurrence and progression
of OA. Zhou et al. (2018e) establishedOAmodels in interleukin-1β
(IL1β)-treated mouse articular chondrocytes (MACs) to study the
expression and function of circRNAs in OA using new sequencing
methods and bioinformatic analysis. Compared with the control
group, 255 circRNAs were differentially expressed inMACs treated
with IL-1 β: 119 up-regulated, 136 down-regulated. Mmu-
circRNA-30365 and Mmu-circRNA36866 were two substantially
different circRNAs, and their specific expression changes in
patients with OA and normal individuals were verified by QRT-
PCR. Liu et al. (2016) analyzed circRNA expression between OA
and normal cartilage samples by hierarchical clustering analysis
and found that compared with normal cartilage, 71 circRNAs were
differentially expressed (16 were increased, and 55 were decreased)
in OA cartilage. In this study, we focused on the research of
circRNA-CER. We found that this circRNA could compete with
MMP13 for miR-136 and participate in the degradation of the
extracellular matrix of chondrocytes. The above examples fully
prove that the expression levels of circRNA in OA patients and
healthy individuals are different, and these differentially expressed
circRNA has a special relationship with the progression of OA.

Several studies have reported the functions andmechanisms of
several circRNAs in OA, but relevant studies are few. Zhou et al.
(2018d) established rat OA models, predicted the function of

FIGURE 3 | Biological functions of circRNA: (A). Regulation of gene transcription: Elcircrna can interact with small nuclear ribonucleoproteins and bind to RNA
polymerase II; (B). miRNA sponge: circRNA contains miRNA binding sites, which can block miRNA binding to mRNA and promote or inhibit the expression of related
genes by sponging miRNA; (C). circRNAs bind to mRNA regulatory binding protein, which influences the stability of mRNA, and may change the splicing pattern of
circRNA; (D). By being translated by ribosomes and encoding polypeptides, several circRNAs can play a role in regulating and controlling human physiological
processes.
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TABLE 3 | Functional characterization of the circRNAs in OA.

CircRNA Expression Target
genes

Related
genes

Tissue/cell
source

Region Model Functions Reference

CircVCAN Up —— —— Cartilage tissue —— OA cell
model

Cell proliferation and apoptosis Ma et al.
(2020)

hsa_circ_0000448 Up —— —— Synovial
tissues

Temporomandibular
joint

OA cell
model

Degradation of extracellular
matrix

Hu et al.
(2019c)

hsa_circ_0037658 Up —— —— Cartilage tissue —— OA cell
model

Cell autophagy Sui et al.
(2021)

hsa_circ_0032131 Up —— —— Blood —— OA cell
model

Cell proliferation and apoptosis Wang et al.
(2019g)

Up miR-
502-5p

PRDX3 Cartilage tissue —— OA rat
model

Cell proliferation and apoptosis Xu and Ma,
(2021)

CircRNA.33186 Up miR-
127-5p

—— Cartilage tissue knee joint OA
mouse
model

Cell proliferation and apoptosis Zhou et al.
(2019b)

CircRNA_0092516 Up miR-
337-3p

PTEN Cartilage tissue knee joint OA
mouse
model

Cell proliferation and apoptosis Huang et al.
(2021)

CircGCN1L1 Up miR-
330-3p

TNF-α Synovial fluid Temporomandibular
joint

OA rat
model

Cell proliferation and apoptosis Zhu et al.
(2020)

CircRNA-UBE2G1 Up miR-373 HIF-1a Cartilage tissue knee joint OA cell
model

Cell proliferation and apoptosis Chen et al.
(2020b)

CircRNA HIPK3 Up miR-124 SOX8 Cartilage tissue —— OA cell
model

Cell proliferation and apoptosis Wu et al.
(2020)

CircTMBIM6 Up miR-27a MMP13 Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Bai et al.
(2020b)

CircPSM3 Up miRNA-
296-5p

—— Cartilage tissue —— OA cell
model

Cell proliferation and apoptosis Ni et al.
(2020a)

hsa_circ_0005105 Up miR-26a NAMPT Cartilage tissue —— OA cell
model

Degradation of extracellular
matrix

Wu et al.
(2017c)

CircRNA-CDR1as Up miRNA-
641

—— Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Zhang et al.
(2020j)

CircRNA Atp9b Up miR-
138-5p

—— Cartilage tissue knee joint OA
mouse
model

Degradation of extracellular
matrix

Zhou et al.
(2018d)

Circ_0116061 Up miR-
200b-3p

SMURF2 Cartilage tissue knee joint OA cell
model

Cell proliferation and apoptosis,
inflammation

Zheng et al.
(2021)

Circ-BRWD1 Up miR-1277 TRAF6 Cartilage tissue knee joint OA cell
model

Cell proliferation and apoptosis,
Degradation of extracellular
matrix, inflammation

Guo et al.
(2021)

Circ-SPG11 Up miR-
337-3p

ADAMTS5 Cartilage tissue knee joint OA cell
model

Cell proliferation and apoptosis,
Degradation of extracellular
matrix, inflammation

Liu et al.
(2021b)

Circ_SLC39A8 Up miR-591 IRAK3 Cartilage tissue knee joint OA cell
model

Cell proliferation and apoptosis,
Degradation of extracellular
matrix, inflammation

Yu et al.
(2021)

Circ-PRKCH Up miR-
140-3p

ADAM10 Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Zhao et al.
(2021)

CircCDH13 Up miR-
296-3p

PTEN Cartilage tissue hip joint OA
mouse
model

Cell proliferation and apoptosis,
Degradation of extracellular
matrix

Zhou et al.
(2021e)

Circ-IQGAP1 Up miR-
671-5p

TCF4 Cartilage tissue knee joint, hip joint OA cell
model

Cell proliferation and apoptosis,
Degradation of extracellular
matrix, inflammation

Xi et al. (2021)

Circ_0136,474 Up miR-
127-5p

MMP-13 Cartilage tissue knee joint OA cell
model

Cell proliferation and apoptosis Li et al. (2019i)

Circ_RUNX2 Up —— RUNX2 Blood —— OA cell
model

Degradation of extracellular
matrix

Wang et al.
(2021a)

CircRSU1 Up miR-
93-5p

MAP3K8 Cartilage tissue knee joint OA
mouse
model

Degradation of extracellular
matrix

Yang et al.
(2021c)

CircRNA3503 Down —— —— Synovial fluid —— OA cell
model

Degradation of extracellular
matrix

Tao et al.
(2021)

(Continued on following page)
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circRNA_ATP9b in rat knee chondrocytes through bioinformatic
analysis, and finally found that circRNA_ATP9b regulated the
degradation of extracellular matrix through sponge miR-138-5p,
thereby controlling the progression of OA. Moreover,
circRNA_ATP9b expression was increased, and miR-138-5p
expression was down-regulated in IL-1β-induced chondrocytes.
circRNA_ATP9b regulated the expression of related genes by
targeting miR-138-5p. Li et al. (2017a) analyzed the dual-
luciferase reporter genes and found that the transcriptional
activity of miR-193b can be inhibited by overexpression of
hsa_circ_0045714. Overexpression of hsa_circ_0045714 can
also up-regulate the expression of insulin-like growth factor 1
receptor (IGF1R) because IGF1R is a crucial target gene of miR-
193b. It is associated with cell proliferation and apoptosis. Further
studies on the progression of circRNA in OA are presented in
Table 3.

INTERACTIONS BETWEEN LNCRNAS,
MIRNAS AND MRNAS IN OA

Studies have shown that lncRNA–miRNA–mRNA axis plays a
vital control effect in the progression of several diseases, such as
cardiovascular disease and cancer (He et al., 2018; Wang et al.,
2019c). The mechanisms of interaction of lncRNAs, miRNAs,
and mRNAs in various diseases are as follows: 1) The structure of
most lncRNAs is similar to mRNAs, and miRNAs binding to
mRNAs can reduce the expression of lncRNAs. lncRNA and
miRNA compete to bind the 3′-UTR of target gene mRNA,
thereby indirectly inhibiting the interaction between miRNA and
mRNA. For example, in Alzheimer’s disease, the post-
transcriptional regulation of BACE1 involves miR-485-5p, and
the specific antisense transcription of BACE1 forms lncRNA-
BacE1-As, which compete with lncRNA-Bace1-As to bind to the

TABLE 3 | (Continued) Functional characterization of the circRNAs in OA.

CircRNA Expression Target
genes

Related
genes

Tissue/cell
source

Region Model Functions Reference

CircPDE4B Down —— RIC8A,
MID1

Cartilage tissue —— OA
mouse
model

Degradation of extracellular
matrix

Shen et al.
(2021)

CircSERPINE2 Down miR-1271 —— Cartilage tissue —— OA cell
model

Degradation of extracellular
matrix, Cell proliferation and
apoptosis

Shen et al.
(2019)

Down miR-495 TGFBR2 Cartilage tissue knee joint OA cell
model

Cell proliferation and apoptosis Zhang et al.
(2020h)

CiRS-7 Down miR-7 —— Cartilage tissue —— OA rat
model

Inflammation Zhou et al.
(2020a)

Down miR-7 —— Blood —— OA cell
model

Cell proliferation and apoptosis Zhou et al.
(2019a)

CircCDK14 Down miR-
125a-5p

Smad2 Cartilage tissue knee joint 0A rabbit
model

Cell proliferation and apoptosis Shen et al.
(2020a)

CircPDE4D Down miR-
103a-3p

FGF18 Cartilage tissue knee joint OA
mouse
model

Degradation of extracellular
matrix

Wu et al.
(2021b)

CircRNA_0001236 Down miR-
3677-3p

Sox9 Bone marrow,
Cartilage tissue

—— OA
mouse
model

Degradation of extracellular
matrix

Mao et al.
(2021b)

CircRNA-9119 Down miRNA-
26a

PTEN Cartilage tissue —— OA cell
model

Cell proliferation and apoptosis Chen et al.
(2020a)

Hsa_circ_0005567 Down miR-495 ATG14 Cartilage tissue —— OA cell
model

Cell autophagy and apoptosis Zhang et al.
(2020f)

CircRNA-CER Up MiR-136 MMP13 —— knee joint OA cell
model

Degradation of extracellular
matrix

Liu et al.
(2016)

CircHYBID Down hsa-miR-
29b-3p

TGF-β1 Cartilage tissue knee joint OA cell
model

Degradation of extracellular
matrix

Liao et al.
(2021)

CircADAMTS6 Down miR-
431-5p

—— Cartilage tissue —— OA cell
model

Cell proliferation and apoptosis Fu et al.
(2021)

Hsa_circ_0045714 Down miR-193b IGF1R Cartilage tissue knee joint OA cell
model

Cell proliferation and apoptosis Li et al.
(2017a)

Circ_0020093 Down miR-23b SPRY1 Cartilage tissue —— OA cell
model

Degradation of extracellular
matrix

Feng et al.
(2021)

CircANKRD36 Down miR-599 Casz1 Cartilage tissue —— OA cell
model

Cell proliferation and apoptosis Zhou et al.
(2021b)

CircSLC7A2 Down miR-4498 TIMP3 Cartilage tissue —— OA
mouse
model

Degradation of extracellular
matrix, Cell proliferation and
apoptosis, inflammation

Ni et al. (2021)

Abbreviations: TNF-α, tumor necrosis factor-α; LEF1, lymphoid enhancer-binding factor 1; NAMPT, nicotinamide phosphoribosyltransferase; SMURF2, Smad ubiquitin regulatory factor 2;
TRAF6, TNF, receptorassociated factor 6; ADAM10, a-disintegrin and metallopeptidase domain 10; PTEN, phosphatase and tensin homolog; MID1, midline 1; TGFBR2, transforming
growth factor-β receptor 2; SPRY1, sprouty 1.
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binding sites of related mRNAs (Faghihi et al., 2010). 2) lncRNAs
sponge miRNAs as competitive endogenous RNAs (ceRNAs).
lncRNA molecules contain miRNA binding sites, which can bind

to miRNA, inhibit the interaction between miRNA and mRNA,
improve the expression level of related mRNA, and regulate the
expression of target genes. For example, Zhang et al. (2020l)

FIGURE 4 | lncRNA–miRNA–mRNA axis in OA. lncRNA can combine with miRNA to promote the expression of related target genes. PTEN � phosphatase and
tensin homolog; FUT2 � fucosyltransferase 2; Timp2 � tissue inhibitor of metalloproteinase 2; KDM5C � lysine demethylase 5C; DNMT3A � DNA methyltransferase 3A;
TLR4 � toll-like receptor 4; CCND1 � cyclin D1; KLF4 �Krüppel-like factor 4; SYVN1 � synoviolin 1; PPARGC1B � PPARG coactivator 1 beta; H3F3B �H3 histone family
3B; PGRN � progranulin; DNM3OS � dynamin 3 opposite strand; BMPR2 � bone morphogenetic protein receptor 2.
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constructed a complete mRNA-LncRNA-miRNA ceRNA
regulatory network; lncRNAs ENST00000326237.3,
ENST00000399702.5, and ENST00000463727.1 were found to
regulate related genes through competitive binding of the same
miRNA has-miR-1260a. Kong et al. (2019) demonstrated that
lncRNA—CDC6 can further regulate CDC6 expression through
direct uptake of miR-215 as a ceRNA. Luan et al.(Luan andWang,
2018) found that in cervical cancer, XLOC_006390 may act as
ceRNA and bind with miR-331-3p and miR-338-3p, thus
regulating the expression of genes related to cervical cancer. 3)
miRNAs mediate the degradation of lncRNAs. For example,
miRNA-150 is the target gene for lncRNA CASC11 in human
plasma, and increased concentrations of miRNA-150 decrease
the activity of lncRNACASC11(Luo et al., 2019b). 4) lncRNAs act
as miRNAs precursors. For example, Tao et al. (2017) found that
miR-869a and miR-160c could be clipped from lncRNAs npc83
and npc521. However, in OA, lncRNAmainly binds to miRNA as
a competitive endogenous RNA (ceRNA), inhibiting its target
genes’ expression and regulating OA’s progression by regulating
cell proliferation, apoptosis, autophagy and extracellular matrix
(ECM) degradation (Figure 4).

There are many examples where lncRNA functions as a
binding of ceRNA to miRNA in OA. For example, Zhang
et al. (2020m) took IL -1β-induced OA chondrocytes as the
research object to study the molecular mechanism of
LINC00511 in regulating OA. The study found that the
expression of LINC00511 was up-regulated, and the lncRNA
could be used as a sponge of miR-150-5p and combined with 3′-
UTR of transcription factor inhibit the proliferation of
chondrocytes, promote apoptosis and degradation of ECM,
and finally regulate OA. Liu et al. (2018) established an OA
chondrocyte model induced by IL -1β and an OA mouse model
caused by collagenase. The experiments were performed in vivo
and in vitro at two levels, and the cell state was examined by the
CCK-8 method and flow cytometry. Studies have found that
KLF3-AS1, as a ceRNA interacting with miR-206, promotes the
expression of GIT1 and then promotes the proliferation of
chondrocytes and inhibits apoptosis, ultimately alleviating the
progression of OA. Likewise, Tian et al. (2020) studied the
relationship between SNHG7, miR-34a-5p, and SYVN1 in
human chondrocytes. It has been found that in OA tissues,
SNHG7 is down-regulated, and SNHG7 can regulate SYVN1
by sponging miR-34a-5p, thereby promoting cell proliferation
and inhibiting apoptosis and autophagy. In addition, studies have
found that lncRNAXIST is up-regulated in OA articular cartilage.
Like a sponge, XIST regulates the target proteins miR-211, miR-
17-5p, miR-149-5p, and miR-27b-3p, thereby promoting the
proliferation and apoptosis of chondrocytes and finally
inducing OA (Li et al., 2018b; Zhu et al., 2021). These results
suggest that lncRNAs can act as miRNA sponges in the
interaction of lncRNAs, miRNAs, and mRNA in OA.

Interactions Between circRNAs, miRNAs
and mRNAs in OA
Currently, research on the mechanism of interactions between
circRNAs, miRNAs, and mRNAs is growing (Peng et al., 2020).

circRNAs and miRNAs are closely related to the expression of
disease-related mRNAs, and interactions between circRNAs,
miRNAs, and mRNAs may be involved in the pathological
mechanism of OA (Figure 5). At present, research on the
interaction mechanism of circRNAs, miRNAs, and mRNAs is
not comprehensive. Relevant research has three main types: 1)
circRNAs interact with miRNAs. miRNA interacts with mRNA
to inhibit mRNA expression. circRNAmolecules contain miRNA
binding sites, which can sponge miRNA and release miRNA’s
inhibitory effect on target genes. For example, Hansen et al.
(2013) found that CiRS-7 could sponge miR-7, inhibit the
binding of miR-7 and its target genes, and indirectly promote
the expression of related mRNA. Other research suggests that
hsa_circ_101237, like a sponge for miRNA490-3p, promotes the
expression of its target geneMAPK1. In patients with lung cancer,
hsa_circ_101237 expression is up-regulated, thereby promoting
the proliferation, differentiation, and migration of lung cancer
cells (Zhang et al., 2020o). 2) circRNA can regulate the splicing of
pre-mRNA, thus affecting the production of protein. 3) circRNA
can pair with targeted mRNA directly through local bases. As the
circRNA molecule is rich in miRNA binding sites, the circ RNA
molecule functions as a miRNA sponge in cells so that the
inhibition effect of the miRNA on target genes can be
released, and the expression level of the target genes is
increased. Therefore, in OA, the interaction mechanism of
circRNA, miRNA, and mRNA is mainly circRNA sponging
miRNA (Kulcheski et al., 2016). Many circRNA expressions in
OA have been changed, and OA is regulated by adsorbing a
specific miRNA. For example, hsa_circ_0005567 is down-
regulated in OA patients and, by competitively binding to
miR-495, terminates Atg14 expression and eventually induces
human chondrocyte apoptosis (Zhang et al., 2020f);
hsa_circ_0032131 is up-regulated in the human body, and
knocking out hsa_circ_0032131 inactivates the STAT3
signaling pathway by sponging miR-502-5p, thereby relieving
symptoms of OA in the body (Xu andMa, 2021); circPSM3 is up-
regulated in OA chondrocytes, and its low expression promotes
chondrogenesis and OA development. circPSM3 can inhibit OA
chondrogenesis by sponging miRNA-296-5p (Ni et al., 2020a).
All these results prove themechanism of circRNA spongemiRNA
in osteoarthritis.

Other studies have found interactions between circRNA,
miRNA, and mRNA. Shen et al. (2020a) established a rabbit
model of OA and studied the role and mechanism of circCDK14
in OA by quantitative reverse transcriptase-polymerase chain
reaction (RT-PCR) and other methods. miR-125a-5p is a
downstream target protein of circCDK14, while Smad2 is an
mRNA target protein of circCDK14. The mechanism of action of
circCDK14 in OA is to down-regulate the expression of Smad2
through the sponge action of miR-125a-5p, resulting in
dysfunction of the TGF-β signaling pathway. Chen et al.
(2020a) studied the expression and action mechanism of
circRNA-9119 in OA patients using bioinformatics prediction
and double luciferase reporter gene detection. They found that
the expression of circRNA-9119 was down-regulated to provide a
sponge effect onmiR-26a. At the same time, miR-26a targeted the
3’ -UTR of PTEN to promote cell proliferation and inhibit
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FIGURE 5 | circRNA–miRNA–mRNA axis in OA. circRNAs can combine with miRNAs to promote the expression of related target genes. (A) circRNAs that play a
role in cell proliferation and apoptosis. (B) circRNAs that play a role in degradation of the extracellular matrix and apoptosis. (C) circRNAs that play a role in degradation of
the extracellular matrix, cell proliferation, apoptosis, and inflammation. NAMPT � nicotinamide phosphoribosyltransferase; MMP13 � matrix metalloproteinase.
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apoptosis. Their results all demonstrated the mechanism of the
interaction between circRNAs, miRNAs, and mRNAs in OA.

CLINICAL IMPLICATIONS

At present, the incidence of OA is very high, and its pathogenesis
is still unclear. Studying the specific pathological process and
molecular pathway of OA is of great clinical significance (Duan
et al., 2020). First, ncRNA can be used to diagnose OA. The
expression of many ncRNAs between patients with OA and
normal individuals have remarkable differences, which can be
seen in humans and animals. For example, Huang et al. (2019c)
showed that miRNA-204 and miRNA-211 are decreased in OA,
resulting in Runx2 accumulation in multiple types of joint cells
and elevated OAmarkers, and leading to total joint degeneration.
Second, several ncRNAs are associated with the prognosis of OA.
Rousseau et al. (2020) took the miRNAs in the serum of female
patients with KOA as the research objects. He first made a
preliminary screening of the research objects through next-
generation sequencing and then further analyzed the research
objects through RT-QPCR. He found that miR-146A-5p is up-
regulated in patients with mild OA, and the prognosis of OA
caused by the up-regulation of miRNA is relatively good. In
addition, the increase of miR-186-5p in an individual means that
the individual might have the imaging changes of OA in the past
4 years, which could be prevented in advance to avoid the
occurrence of OA as much as possible. Finally, several
ncRNAs can be used for the treatment of OA. Several new
drugs can be developed to promote or inhibit several ncRNAs,
or change the pathway of action of ncRNA to treat OA. For
example, miR-93 is down-regulated in mice with OA and
lipopolysaccharide-treated chondrocytes, and acts directly on
TLR4 to exert biological effects. miR-93 regulates OA by
inhibiting the TLR4/NF-κB pathway, lipopolysaccharide-
induced inflammation, and apoptosis. In patients with OA and
down-regulation of miR-93, corresponding drugs can be
developed to promote its up-regulation and inhibit the
aggravation of OA (Ding et al., 2019). These studies indicate
that ncRNA has great potential for clinical use in OA. At present,

most of the tissue comes from cartilage and is found in the knee
joint, and the chondrocytes are cultured to construct the OA cell
model. Further research is needed, and more clinical trials must
be explored to find biomarkers associated with OA while
developing the immense potential of ncRNA.

CONCLUSION

In recent years, ncRNAs have become one of the most widely
studied fields in the development of OA. However, the studies on
the regulation of miRNA, lncRNA, and circRNA in diseases and
their use as indicators for diagnosis or treatment of OA are still in
the early stages, and the mechanism of action ofOA, which may
involve multiple signaling pathways, is still unclear. This study
reviews theinteractions between lncRNA/circRNA and miRNA
in OA. Through high-throughput sequencingtechnologies such
as microarray analysis and RNA sequencing, the findings reveal
that a large number of miRNA, lncRNA, and circRNA are
dysregulated in patients with OA, and the clinical trials related
to ncRNA and OA are summarized. The present research
progress of ncRNA in the prevention, diagnosis, and treatment
of OA is illustrated, which provides a basis for the treatment of
OA by ncRNA in the future.
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Potential Prognostic Value of a Seven
m6A-Related LncRNAs Signature and
the Correlative Immune Infiltration in
Colon Adenocarcinoma
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Hospital, Xingtai, China, 4Department of Gastroenterology, Harrison International Peace Hospital, Hengshui, China

Long non-coding RNAs (lncRNAs) and their N6-methyladenosine (m6A) modifications play
an essential role in tumorigenesis and cancer progression. This study was designed to
explore the value of m6A-related lncRNAs in prognosis and therapeutic applications of
immune infiltration of colon adenocarcinoma (COAD). We downloaded the COAD gene
expression and clinical data from The Cancer Genome Atlas project. By co-expression
analysis, Lasso Cox regression analysis, and univariate and multivariate Cox regression,
we constructed an independent prognostic signature of seven m6A-related lncRNAs. The
prognostic lncRNAs were divided into two clusters by consistent clustering analysis, as
well as into two groups of low–high risk based on the signature. Then we identified the
relationship between the different groups with clinical features and immune cell infiltration.
Cluster 2 had a higher risk score with a lower survival rate. The risk score was higher in
groups with advanced clinical features, such as stage III–IV, N1-3, and M1. The expression
of AC156455.1 was increased in tumor tissues and cluster 2, and the lncRNA ZEB1−AS1
was notably higher in the high-risk group. Five types of immune cells showed differences in
two clusters, and most were upregulated in type 2. The expression of memory B cells was
positively correlated with the risk score. The prognostic model was verified by the Gene
Expression Omnibus (GEO) dataset. Besides, we found that the expression of these seven
lncRNAs in tumor tissues was significantly higher than that in normal tissues, which verified
the feasibility of the model. Thus, the signature of seven m6A-related lncRNAs can
independently predict the prognosis of COAD. This signature is also closely associated
with immune cell infiltration, and new therapeutic targets can be explored from this field.

Keywords: lncRNA, m6A, bioinformatics analysis, immune cell infiltration, COAD

INTRODUCTION

Colorectal cancer (CRC) is one of the most common and malignant tumors, ranking third in
incidence and second in mortality from cancer-related deaths worldwide (Siegel et al., 2021).
Colon adenocarcinoma (COAD) accounts for more than 90% of different pathological subtypes
of it. So far, the general treatment of surgical resection and combination therapy, such as
radiotherapy, chemotherapy, and immunotherapy, remains the only effective therapy
for COAD.
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Treatment techniques are improving, but the results are
unsatisfactory, with a 5-year relative survival rate of 90% of
localized CRC to 14% of metastasized (Kweon, 2018). First,
more than 50% of the patients with CRC have liver metastasis
for the late diagnosis (Banerjee et al., 2017). Second, the
recurrence rate remains high after surgery. Third, the benefits
of radiation and chemotherapy remain low, resulting in few
effective treatments for patients in an advanced stage.
Therefore, new and efficient prognostic markers and
therapeutic targets must be discovered urgently.

The occurrence and development of tumors are closely related
to the changes of genes and epigenetic changes. As the most
abundant apparent epigenetic modification, N6-methyladenosine
plays a crucial part in nearly all stages of RNA transcription,
processing, degradation, and translation. There exist three types of
m6A regulators, including methyltransferase “writers” (such as
METTL3, METTL14, etc.), demethylase “erasers” (FTO and
ALKBH5), and m6A binding protein “readers” (YTHDC,
YTHDF1/2/3, etc.) (Zaccara et al., 2019). Recently, increasing
studies have demonstrated that aberrant m6A modifications
play an important role in the occurrence and progression of
tumors, including COAD, and act as the tumor suppressor (Li
et al., 2019; Yue et al., 2019). Gu et al. discovered that through an
m6A-dependent manner DMDRMR could interact with IGF2BP3
to regulate target genes and act as a prognostic and therapeutic
target for clear cell renal cell carcinoma (ccRCC) (Gu et al., 2021).

Researchers found that, consisting of more than 200
nucleotides, long non-coding RNAs (lncRNAs) significantly
impact the epigenetic modifications, regulation, and splicing
(Li et al., 2017). They can regulate physiological processes
such as cell differentiation, immune response, and apoptosis
(Liu et al., 2016). With more and more lncRNAs identified,
14,826 lncRNAs have been annotated by the GENCODE
consortium (v22; https://www.gencodegenes.org/). Emerging
evidence suggests that lncRNAs participate in regulating
proliferation and metastasis of various tumor cells and could
be used as diagnostic and prognostic markers (Zhu et al., 2017;
Kong et al., 2019; Poursheikhani et al., 2020). Gutschner et al.
found the lncRNA MALAT1 could act as a prognostic marker of
lung cancer and the knockout of MALAT1 related to little
metastasis (Gutschner et al., 2013). Cen et al. discovered that
lncRNA IGFL2-AS1 could result in a pretty poor prognosis for
the patients of COAD (Cen et al., 2021).

In recent years, research on the relationship between m6A
methylation and lncRNA in tumors has become a hotspot, showing
that m6A-related lncRNA can serve as novel potential prognostic
targets for multiple cancers (Jin et al., 2021; Li et al., 2021b; Liu
et al., 2021). Romanowska et al. identified a risk signature including
four m6A-related lncRNAs for head and neck squamous cell
carcinoma (HNSCC) patients (Romanowska et al., 2021). Yu
et al. constructed a prognostic signature based on m6A-related
lncRNAs to predict the prognosis accurately of renal clear cell
carcinoma patients (Yu et al., 2021). However, the study of COAD-
related m6A methylation based on lncRNA remains relatively few.

Multiple studies have shown that the tumor
microenvironment (TME) relates closely to the prognosis and
treatment effect of tumors, for playing a vital role in the

progression (Danaher et al., 2018; Toor et al., 2020), as well as
in immunotherapies of COAD (Koi and Carethers., 2017).
Although therapies are improving, the 5-year survival rate of
advanced COAD is only 10% for chemotherapeutic drug
resistance and disease recurrence.

Therefore, the finding of novel therapeutic markers and
strategies for COAD is crucial. Thus, we performed the study to
explore the relationship between m6A-related lncRNA and COAD
to find new prognostic markers and therapeutic drug targets.

MATERIALS AND METHODS

Acquisition and Preprocessing of COAD
Data
We obtained the RNA sequencing (RNA-seq) of COAD from the
database of The Cancer Genome Atlas (TCGA) (https://portal.
gdc.cancer.gov/), including 39 healthy samples and 398 tumor
samples.Meanwhile, we collected clinical data grouped according to
survival time, survival status, gender, age, stage, and TMN stages.
Then, using Perl software, we obtained the mRNA expression
matrix and the gene expression matrix based on the human
genome annotation data downloaded from the GENCODE
website (https://www.gencodegenes.org/human/). Then we got
the RNA and lncRNA expression as well as the m6A-related
gene expression based on the m6A-related genes on the web and
R language software. Finally, the m6A-related lncRNA expression
was obtained by co-expression analysis of lncRNA and the
m6A-related gene expression using the R package (limma,
corFilter � 0.4, p � 0.001). The workflow is shown in Figure 1.

Identification of Prognostic m6A-Related
LncRNAs
The clinical survival data, containing only survival time and
survival state data, were combined with m6A-related lncRNA
expression data. Then using the R survival package and the
univariate Cox analysis (if p < 0.05, there were too many
lncRNAs, set p < 0.001), prognostic m6A-related lncRNAs
would be obtained. The confidence interval and the hazard
ratio were calculated using the survival package and visualized
by forest plots. Differences in prognostic m6A-related lncRNAs
in normal and tumor samples were analyzed by differential
analysis. The results were obtained through R packages (limma,
pheatmap, reshape2, ggpubr), and a boxplot and heat map were
prepared to visualize the results.

Relationship Between Clusters With
Clinicopathological Features and Immune
Cell Infiltration
Firstly, the prognostic m6A-related lncRNAs were classified into
two clusters based on the packages, Limma and
ConsensusClusterPlus, according to the lncRNAs expression.
By the consistent cluster analysis, we calculated the cluster
Max K value � 9, clusterNum � 2. Using survival and survminer
packages, survival analysis of the two prognostic m6A-related
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lncRNAs types was performed, and the survival curves were drawn.
Subsequently, we analyzed the correlation between the two subtypes
and clinical characteristics and visualized them by drawing heat
maps. The immune cell infiltration results were obtained using
CIBERSOERT, and the R packages BiocManager, Limma,
PreprocessCore, and E1071. The TME was scored using the
estimate, limma, and BiocManager packages. Then we obtained
the immune cell, stromal, and estimate score files and compared
their differences in two clusters. Explore differences of the immune
cells in different types by Limma and Vioplot packages.

Construction of Independent Prognostic
Model and the Risk Groupings
Prognostic m6A-related lncRNA samples were divided into
training and testing datasets. By using caret, glmnet,
survminer, and timeROC packages, also applying Lasso
regression, the optimal prognostic model and model formula
were obtained. The two groups were sorted into two groups of

high and low risk, according to the median risk score of the
training dataset. Then, survival analysis of the two groups was
performed by survival and survminer packages. All p-values were
less than 0.01, indicating differences in survival, suggesting that
the model can divide patients into high- and low-risk groups.
Setting the prediction time at 1 year, we drew the receiver
operating characteristic (ROC) curves by survival, survminer,
and timeROC packages. Then, risk graphs of risk state, survival
state, and risk heat map were obtained. Through univariate and
multivariate Cox regression analysis, we confirmed whether the
risk score was an independent indicator of the prognosis and
whether the prognostic model was independent.

Relationship Between Risk Score With
Clinicopathological Features and Immune
Cell Infiltration
The model would be verified to be applied to patients in different
clinical groups by survival and the survminer R package. We

FIGURE 1 | Study flow chart of the integration analysis.
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applied limma, ggpub, and pheatmap packages to explore
differences between risk scores with clinicopathological
characteristics, immune scores, different clusters, and even the
seven lncRNAs, visualized by the R package (p < 0.001***, 0.01**,
0.05*). Then we used limma, ggplot2, ggpubr, and ggextra
packages to identify the correlation between immune cells and
the risk score. Samples with p > 0.05 would be filtered out before
analysis, and the sum of all immune cells in a sample is equal to 1.
The correlation coefficient and p-value were obtained by the
Spearman test, visualized by scatter plots.

Validation of the Prognostic Value of Seven
Screened m6A-Related LncRNAs by Gene
Expression Omnibus Dataset
To verify the prognostic values of the seven m6A-lncRNAs
signature, we gained external cohort (GSE39582) from Gene
Expression Omnibus (GEO) (https://www. ncbi. nlm. nih. Gov/
geo/query/acc. cgi). Calculating the risk-score of every patient based
on the signature, we classified the subjects into high- and low-risk
groups with the median score of the training dataset of TCGA data.
Through the survival package of R, we performed the survival
probability. Therefore, the prediction model could be validated.

Validation of the Expression Level of Seven
m6A-Related LncRNAs in Tissue Specimens
by Quantitative Reverse Transcription-PCR
We collected 20 paired COAD samples and tumor-adjacent
normal tissues from the Second Hospital of Hebei Medical
University. All the fresh samples were frozen in liquid
nitrogen immediately and stored at −80°C. All tissues were
confirmed histopathologically by pathologists and did not
receive preoperative radiotherapy or chemotherapy. All
patients signed the informed consent before the operation, and
the ethics committees approved the consent procedure. The
expression levels of the seven lncRNAs were examined by
quantitative reverse transcription (qRT)-PCR. The 2−ΔΔCt

method was used to calculated the relative expression level.

Statistics
All analyses were performed by R software v4.1 (https://www.r-
project.org/) and Perl v5.30 (https://www. perl.org). The p-value
used in the analysis was two-sided, and a p-value <0.05 was regarded
as statistically significant. Univariate Cox regression, multivariate
Cox regression, and Lasso regression were utilized. Quantitative data
were expressed as mean ± SD and analyzed for significant difference
in two groups by Student’s t-test. All data with p-values less than 0.05
were recognized as statistically significant.

RESULTS

Nine Prognostic m6A-Related LncRNAs
By combining the m6A-related lncRNA expression data with
the survival data, then using univariate Cox regression, we
obtained nine prognostic m6A-related lncRNAs: LINC02657,

NSMCE1−DT, AC139149.1, ZKSCAN2−DT, AC156455.1,
ZEB1−AS1, AP001619.1, AL391422.4, and ATP2B1−AS1 (p＜
0.001; if p＜ 0.05, there were too many lncRNAs). All of them
were high-risk lncRNAs (Supplementary Table S1). The expression
of AC156455.1 in tumor tissue was significantly higher than that
of the normal group. The results were visualized by forest plots,
box plots, and heat maps (Figures 2A–C).

The Independent Prognostic Model of
Seven m6A-Related LncRNAs
Prognostic m6A-related lncRNA samples were divided into
training and test datasets (50% in each group). Through the R
packages and Lasso regression, using the cross-validation method
to optimize the model, we finally obtained the independent
prognostic model consisting of seven lncRNAs, model formula:
risk score � LINC02657 * 0.246632699492067 + AC139149.1 *
0.276937064691493 + ZKSCAN2-DT * 0.016797173163626 +
AC156455.1 * 0.187570142850178 + ZEB1-AS1 *
0.569626111717306 + AL391422.4 * 0.537921082314907 +
ATP2B1-AS1 * 0.555444251652824 (Supplementary Figures
S1A, B). There were survival differences between the high- and
low-risk groups in the training and test groups, with the survival
curve drawn by the R package (p < 0.05). The high-risk group had a
low survival rate (Figures 3A, B). In addition, the area under the
curve (AUC) was 0.733 and 0.673 in the training dataset and
testing dataset for overall survival (OS) at 1 year (Figures 3C,
D), revealing the high accuracy of this model in predicting the
prognosis. Through the risk curve of heat map, survival state,
and risk state map, we found that more deaths occurred in the
high-risk group (Figures 4A–D). The expression of the all
prognostic lncRNAs was higher in the high-risk group
among both training and testing datasets. The expression of
the lncRNA ZEB1−AS1 was significantly higher in the high-risk
groups (Figures 5A, B). By univariate and multivariate Cox
regression, the risk score was identified as an independent
prognostic indicator (Figures 6A–D), verifying the
independence of the model.

Relationship Between Different Clusters or
High-Low Risk Groups With
Clinicopathological Features
Prognostic m6A-related lncRNAs were divided into two types
through consistent clustering analysis (Supplementary Figures
S2A–D). Differences in survival analysis were found between the
two groups (p < 0.01).

The survival rate of type 2 was low, suggesting a poor
prognosis (Figure 7A). We analyzed the correlation between
the two subtypes with clinical characteristics, visualized by
Figure 7B. AC156455.1 expression was found to be
significantly higher in type 2, suggesting that AC156455.1 may
be predominantly related to the occurrence and development
of COAD.

By verifying the prognostic model on the clinical traits, it was
found that the model applied to clinical characteristics such as
age, gender, stage, and T and N staging (Figures 8A–J).
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Analyzing differences of different clusters, clinicopathological
characteristics, immune scores, and the lncRNA expression of
the high- and low-risk groups, we discovered differences in
clusters and clinical traits (stages, N and M staging) in the
high- and low-risk groups (Figures 9A–E). The proportion of
cluster two in the high-risk group was high, while the low
survival rate indicated that the high-risk group was
accompanied by a poor prognosis. Advanced clinical features
such as stage III–IV, N1-3, and M1 occupied more in the high-
risk groups, showing the higher risk attached to the worse
clinical stage. The results of the heat map indicated that all
prognostic lncRNAs were high-risk markers. The expression of
ZEB1-AS1 was significantly increased in the high-risk group
both on the risk curve and on the heat map. Hence, further
studies should be conducted to explore the prognostic value of
lncRNA ZEB1-AS1 in COAD.

Relationship Between Different Clusters or
High-Low Risk Groups With Immune Cell
Infiltration
There were five types of immune cells expressed differently in
two different clusters: CD4 memory activated T cells, follicular
helper T cells, activated natural killer (NK) cells, CD4 memory
T cells, and memory B cells (Supplementary Table S2).
The first three were upregulated in type 2, which had a low

survival rate. They may be relevant to poor prognosis and
provide some reference for immunotherapy. T cells CD4
memory resting was upregulated in type 1 (Figures 10A–F).
There were differences in the immune score, stromal score,
and estimate score between type 1 and type 2; all had
low scores in type 2. The lower the score was, the
higher the tumor purity was, which may correlate with
poor prognosis (Figures 11A–C). We got risk scores of the
samples according to the prognostic model formula. We
explored which immune cells were associated with patients’
risk using limma, ggplot2 ggpubr, ggextra packages, and
Spearman test. Finally, memory B cells were correlated with
the risk score (p < 0.05, R > 0), indicating that its content was
positively correlated with the risk of the patients. The higher the
content of memory B cells, the higher risk the patient had
(R � 0.17, p � 0.043), visualized by a scatter diagram
(Figure 12).

Validation of GEO Dataset
We obtained the GSE39582 data set from GEO database which
contained 579 samples and then obtained the expression levels of
seven m6A-related LncRNAs as well as the survival data of the
samples. According to the model, we calculated the risk score and
obtained the high- and low-risk groups based on the median risk
scores of the training dataset of TCGA data. Finally, we found
there were survival differences between the high- and low-risk

FIGURE 2 | Nine prognostic m6A-related lncRNAs of COAD. (A) Forest map of nine prognostic m6A-related lncRNAs by univariate Cox regression analysis. Red
represents high risk, while green represents low risk; all of them were high risk. (B) Boxplot of the different expressions of the nine prognostic related lncRNAs among
tumor and normal tissue; the expression of AC156455.1 in tumor tissue was significantly higher than that of the normal group. (C) Heat map of the different expressions
of the nine prognostic related lncRNAs among tumor and normal sample. The ordinate represents the lncRNAs, while red represents high expression and blue
represents low expression. The abscissa represents the sample. *p < 0.05, **p < 0.01, ***p < 0.001.
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groups, p < 0.001 (Figure 13). Our model was validated in the
GEO dataset.

Validation of the Expression Level of
Screened m6A-Related LncRNAs by
qRT-PCR
In order to further validate the feasibility of the prognostic
signature, we performed qRT-PCR experiment to identify
the expression levels of the seven lncRNAs in clinical tissue
samples. Finally, we found the expression of these seven
lncRNAs in tumor tissues was significantly higher than that
in tumor-adjacent normal tissues (Figure 14), especially
ZKSCAN2-DT and AC156455.1, consistent with the TCGA
dataset. Collectively, this further validated the stability and

reliability of the m6A-related lncRNAs prognostic signature.
β-Actin was chosen as the internal control. The primers used
are listed in Table 1.

DISCUSSION

Aberrant m6A modifications are closely related to the onset and
progression of various cancers, including CRC (Liu et al., 2018;
Gong et al., 2019; Wang et al., 2020; Wang et al., 2021; Zhang and
Zhang., 2021). Nowadays, lncRNAs are reported to act essential
roles in the development of tumors, especially in epigenetic
regulation, protein interaction, and RNA metabolism.
Emerging researches on N6-methyladenosine of lncRNA are
performed to provide prognosis-related biomarkers and novel

FIGURE 3 | The Kaplan-Meier survival curve analysis and the area under the ROC curve (AUC). (A,B) Survival curve of high- and low- riskgroups. (p < 0.01). (C,D)
ROC curve to evaluate the accuracy of our model. (AUC > 0.5). (A,C) Training dataset, (B,D) testing dataset.
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therapeutic targets for various carcinomas (Li et al., 2021a; Chen
et al., 2021; Han et al., 2021). In our study, we obtained nine
prognostic m6A-related lncRNA of COAD. All of them were
high risk, meaning that the genes with higher expression have a
worse prognosis. We finally got the independent prognostic model
consisting of seven m6A lncRNAs. There was a difference in survival
probability between high- and low-risk group samples, in both

training and testing groups. The high-risk group has a low
survival rate. Moreover, the AUC showed that the model
accurately predicts the prognosis. Through the risk curve, we
found that more deaths occurred in the high-risk group.

Furthermore, we explored the relationship between risk score
and clinical characteristics and found that advanced clinical
features such as stage III–IV, N1-3, and M1 occupied more

FIGURE 4 | Survival and risks state map. (A,B) Survival state of each patient, (C,D) risk state of each patient. (A,C) Training dataset, (B,D) testing dataset.

FIGURE 5 | Heat map about the expression of m6A-related prognostic lncRNAs. (A) Training group. (B) Testing group. ZEB1-AS1 was significantly higher in both
testing and training high-risk groups than low-risk ones.
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FIGURE 6 | Univariate and multivariate Cox analysis considering riskscore, age, gender, and stage, in training cohort (A,B) and test cohort (C,D).

FIGURE 7 | Kaplan-Meier curves of OS for two clusters in COAD. Relationships between lncRNAs of clusters and clinical features. (A) Survival analysis of the
lncRNAs in two clusters. The survival rate of type 2 was obviously low (p < 0.001). (B) Heatmap of the two clusters along with clinicopathological characteristics.
AC156455.1 expression was significantly higher in type 2.
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in the high-risk groups. It showed that the high-risk score was
highly correlated with malignant clinical characteristics.
Therefore, the model can be used as a new potential
prognostic biomarker of COAD.

In the study, we found two special lncRNAs, AC156455.1
and ZEB1−AS1. Yang et al. constructed a risk signature of
seven lncRNAs (LINC00460, AL139351.1, AC156455.1,
AL035446.1, LINC02471, AC022509.2, and LINC01606) for

FIGURE 8 | Survival curves for model validation (our prognostic model applied to different clinical groups: age, gender, stage, and T and N staging, p < 0.05).
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FIGURE 9 | Relationship between high-low risk groups and clinicopathological features. (A) Heatmap of correlation analysis between riskscore and clinical traits;
(B–E) boxplot of relationship analysis of riskscore and clinical features (clusters, clinical traits such as stage,and N and M staging were closely related to riskscore,
p < 0.05.
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clear cell renal cell carcinoma patients (Yang et al., 2021).
AC156455.1 was included in Yang’s signature and also existed
in our model. The level of AC156455.1 expression in tumor
tissues was significantly higher than that of the normal group.
Meanwhile, the expression level of AC156455.1 was
significantly higher in type 2, which had a low survival rate.
Being of high risk, AC156455.1 was associated with the
malignancy of COAD, suggesting that it could be further
studied for specific prognostic value. The other identified

lncRNA was ZEB1−AS1, the expression of which was
significantly higher in high-risk groups of both test and
training samples and could also be further studied for the
prognosis of COAD.

Zheng et al. identified a risk model of four m6A-related
lncRNA predicting the OS and therapeutic value of ovarian
cancer (OC). LncRNA CACNA1G-AS1 was identified to
be upregulated in 30 OC specimens and 3 OC cell lines,
while its knockdown restrained the multiplication capacity

FIGURE 10 | Diferent analysis of immune cell infltration in the two clusters. (A) Vioplot; (B–F) Boxplot. CD4 memory activated T cells, follicular helper T cells and
a1186ctivated NK cells were upregulated in type 2, which had a low survival rate.
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of OC cells (Zheng et al., 2021). Zheng and collages verified
this lncRNA in OC samples, and tumor cell lines revealed
its potential prognostic and therapeutic value. In the same way, we
could conduct further research on ZEB1−AS1 and AC156455.1,
which we found to be closely correlated with COAD.

Yang et al. found that through the m6A modification of
METTL3-mediated MYC mRNA, HBXIP can lead to
tumorigenesis of GC (Yang Z. et al., 2020). Different enzymes
that participate in m6A modifications can lead to progression in
different cancers (Yang et al., 2020a), while the underlying
mechanisms, such as the involved signaling pathways, need
further research.

In addition, methylation is a reversible process, and
demethylation can be used in tumor therapy. ALKBH5, one of
the demethylases, could affect tumor progression by regulating
lncRNA demethylation. In a research about pancreatic cancer, the

FIGURE 11 | Different expressions of ESTIMATEscore, Immunescore, and Stromalscore in two clusters (p < 0.05).

FIGURE 12 | Scatterplots of correlation analysis of riskscore and
immunecells. Memory B cells were correlated with the riskscore (p < 0.05, R >
0), indicating that its content was positively correlated with the risk of the
patients.

FIGURE 13 | Survival curve of high- and low-risk groups from GEO
dataset (p < 0.001).

FIGURE 14 | The expression levels of seven m6A-related lncRNAs in 20
paired COAD and matched adjacent normal tissues were examined by qRT-
PCR. *:p < 0.05, **:p < 0.01, ***:p < 0.001.
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expression of ALKBH5 was found downregulated in tumor cells
and could inhibit cells by demethylating the lncRNA KCNK15-
AS1, which can be used in prognostics and therapy strategies (He
et al., 2018).

When it comes to the point above, by what methylation
mechanism does our prognostic lncRNAs act in, whether it
can be mediated by MettL3, and what the signaling pathway
is, whether it can be demethylated, all these need further research.

Yu and Zhu found immune cell infiltration related to m6A-
correlated lncRNA in GC can provide novel therapeutic value. The
high-risk scores indicated a lower purity of tumor cells, as well as a
higher density of immune-related cells (Yu and Zhu, 2021). Gaudreau
et al. investigated the correlation between neoadjuvant chemotherapy
(NCT) and the immune microenvironment (IME) in resectable
NSCLC (non-small cell lung cancer) and discovered NCT was
closely related to the cell infiltration increase of cytotoxic CD8+

T cells and CD20 + B cells (Gaudreau et al., 2021). In our study,
we found five kinds of immune cells expressed differently in different
types of lncRNA, that is, CD4 memory activated T cells, follicular
helper T cells, activated NK cells, CD4 memory T cells, and memory
B cells. The first three were upregulated in type 2, which had a low
survival rate. They may be relevant to poor prognosis. There were
differences in the immune score, stromal score, and estimate score
between type 1 and type 2, all of which had low scores in type 2. The
lower the score was, the higher the tumor purity was. This may be
correlated with a poor prognosis. Memory B cells were correlated with
the risk score. We found that m6A-related lncRNAs were associated
with immune cell infiltration in COAD, which could assist us in
exploring new therapeutic targets. Although tumor immunotherapy
has made rapid progress in recent years, the overall therapeutic effect
of COAD is not satisfactory. So it is necessary to develop multimode
therapy and biointegration targets. Further investigation is needed
between m6A-related lncRNAs and COAD.

In summary, in this study, we obtained seven m6A lncRNAs
signature and immune infiltration results. Besides, we have
verified the prognostic model by GEO dataset, and the
expression level of lncRNAs was further verified by in vitro
experiments. This suggests the signature could be used as a
new potential and promising biomarker and provide an

individual treatment strategy for COAD. Nevertheless, the m6A
methylation mechanism of these lncRNAs is still unknown.
Furthermore, the specific correlation between m6A-related
lncRNA and immune cells should be thoroughly explored.
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TABLE 1 | Primers used in qRT-PCR.

Primer Sequence Primer length Tm Product size

AL391422.4-F-H GTGTGAGTGTGGTATGGCTGTGTC 24 60.4 134 bp
AL391422.4-R-H TGGAAGGCGGAGGTTGTAGTGAG 23 61.5
ATP2B1-AS1-F-H ACGCCCCTCCCTTTCTTCCTTC 22 62.3 146 bp
H ATP2B1-AS1-R-H CCTCCTGCACCAACACGTCATG 22 61.5
AC156455.1-F-H TCATCTGACCTCCTGGCAACCC 22 62.1 135 bp
AC156455.1-R-H TCCGAAGCCTCCTTCACTGAGTC 23 61.2
ZKSCAN2-DT-F-H TCATCTGACCTCCTGGCAACCC 25 59.4 132 bp
ZKSCAN2-DT-R-H TCCGAAGCCTCCTTCACTGAGTC 23 60.9
AC139149.1-F-H TGTAATCAGTAGAGCAGGGCAGAGG 25 60.4 88 bp
AC139149.1-R-H AGAGACAGAGAACCAGGACGGAAG 24 60.4
ZEB1-AS1-F-H TGGCAGGACTCAGAGCTAAGGTATC 25 60.2 105 bp
ZEB1-AS1-R-H ACATCTGTCAGCCGATGCTTCTTG 24 59.7
LNC02657-F-H GCAAGAGAGAAGACAGTGGGTGAAG 25 59.8 135 bp
LNC02657-R-H ATTTGTGCCGTGACTCTGGGAAC 23 60.2
β-actin-F GGCTGTATTCCCCTCCATCG 20 61.8 154 bpzz
β-actin-R CCAGTTGGTAACAATGCCATGT 22 61.1
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A major terrifying ailment afflicting the humans throughout the world is brain tumor, which
causes a lot of mortality among pediatric and adult solid tumors. Several major barriers to the
treatment and diagnosis of the brain tumors are the specific micro-environmental and cell-
intrinsic features of neural tissues. Absence of the nutrients and hypoxia trigger the cells’
mortality in the core of the tumors of humans’ brains: however, type of the cells’ mortality,
including apoptosis or necrosis, has been not found obviously. Current studies have
emphasized the non-coding RNAs (ncRNAs) since their crucial impacts on carcinogenesis
have been discovered. Several investigations suggest the essential contribution of such
molecules in the development of brain tumors and the respective roles in apoptosis. Herein,
we summarize the apoptosis-related non-coding RNAs in brain tumors.

Keywords: brain tumors, non-coding RNAs, apoptosis, microRNA, long non-coding (lnc) RNA

INTRODUCTION

Cancer is specified as uncontrolled cell growth and proliferation resulting in an imbalance between
division and death of the cells as a result of many different factors including physicochemical or
biological agents (Evan and Vousden, 2001; Jafari et al., 2021a). Today in the world, cancer is still one
of the paramount health issues (Nikolaou et al., 2018; Jafari et al., 2020). Brain tumors are almost
specified with great morbidity and mortality rate (Weller et al., 2015). Glioma is the most common
and aggressive diagnosed tumor of the central nervous system (CNS) with low survival and high
recurrence rate (Khani et al., 2019; Xu et al., 2020). Among all tumors, glioma represents just 1–2%,
whereas approximately 30% of all preliminary and 80% of every malignant tumor of the brain are
affiliated with glioma, which responsible for many brain disease-related deaths. It is thought
neurological stem and/or progenitor cells are responsible for brain tumors. Based on
morphological resemblance to the normal neuroglial cells, these heterogeneous tumors
histologically are classified into oligodendrogliomas, astrocytomas, and ependymomas (Weller
et al., 2015). Based on classification by WHO, there are two classes of glioma with four distinct
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grades including low- (I and II) and high- (III and IV) grades.
Classification of glioma based upon molecular characteristics
including genetics, gene expression, DNA methylation, and so
on plays a pivotal role in diagnosis, prognosis, and treatment (Li
et al., 2019a). Despite much research and clinical investigation in
recent years, the prognosis and treatment of glioma are not so
desirable (Xu et al., 2020). Great proliferation rate with high
resistance to therapies, sensitivity of the CNS and low ability to
repair itself, and inability of most drugs to pass the blood brain
barrier (BBB) prevent impressive treatment of glioma (So et al.,
2021). One of the malignant glioma’s hallmarks is its ability to
infiltrate the brain, leads to avoidable recurrence post local
therapy (So et al., 2021). Nowadays, existing therapeutic
approaches include resection surgery, chemotherapy,
radiotherapy, and combination therapies. However, contrary to
considerable progress in treatment options, after initial resection,
frequently quick progression and a high rate of recurrence are
shown in patients with glioma (Aldape et al., 2019). Discovering
new, innovative, and effective therapies for brain tumors depends
on the improved perception of the molecular aspects of this
disorder (Aldape et al., 2019).

Several studies have indicated the contribution of apoptosis in
the pathophysiology of brain tumors (Mellai and Schiffer, 2007;
Fernald and Kurokawa, 2013; Mohamed Yusoff, 2015). Apoptosis
is a physiological process during aging and development which
led to programmed cell death (Majtnerová and Roušar, 2018;
Wang, 2020). The term of apoptosis was first used in a paper
published in 1972 by Kerr, Wyllie and Currie to describe a
hemostatic process which maintains cell populations by
removing damaged and unnecessary cells (Majtnerová and
Roušar, 2018). Apoptosis is controlled genetically and is an
eventually conserved process among multicellular organisms
(D’Arcy, 2019; Jafari et al., 2021b). The mediators of apoptosis
are enzymes named caspases. Caspases are cytosolic proteases
with the proteolytic activity and they are expressed as pro-
enzymes in most cells. When a caspase is activated, it can also
activate other procaspases and can induce a cascade of activated
caspases which can finally led to cellular death (D’Arcy, 2019;
Elmore, 2007). A wide range of conditions and stimuli can initiate
apoptosis (Elmore, 2007; Majtnerová and Roušar, 2018). Today
three main pathways are described in apoptosis including
extrinsic, intrinsic and perforin/granzyme-mediated pathways
(Majtnerová and Roušar, 2018). The intrinsic pathway is
mitochondrial and initiate with death signals like DNA
damage and withdrawal of trophic factors. The response to
death signals is disruption of the mitochondrial membrane
permeability which led to activation of a series of caspases
(Wang, 2020). The extrinsic pathway is induced via death
receptors placed on plasma membrane such as TNF and Fas
receptors. This pathway also eventually leads to the activation of
caspases (Wang, 2020). In perforin/granzyme pathway, apoptosis
can be caused by each of the granzyme A or granzyme B. Both
extrinsic and intrinsic pathway in addition to granzyme B
pathway led to apoptosis via cleavage of caspase-3. But
granzyme A pathway is initiated via single stranded DNA
damage and induce apoptosis via a caspase independent
pathway (Elmore, 2007). A variety of morphological and

biochemical changes occurs in cells during apoptosis
(Majtnerová and Roušar, 2018). Morphological changes
contain cellular shrinkage, nuclear fragmentation and
chromatin condensation. The cytoplasmic membrane
undergoes changes including budding, bleeding, loss of
integrity and transfer of phosphatidylserine (PS) to the
extracellular part of membrane. The exposure of PS in outer
membrane helps recognition and swallowing apoptotic cells by
macrophages. These changes can be observed by light and
electron microscopes but electron microscopy give more
valuable information and show us more morphological
changes (Elmore, 2007; Pistritto et al., 2016; Xu et al., 2019a).
Some of the biochemical features which are observed in apoptotic
cells contain protein cross-linking, DNA segmentation, and
nuclear and cytoskeletal proteins cleavage. Apoptotic cells also
form apoptotic bodies and express the ligands necessary for
recognition by phagocytic cells and finally, they are identified
and removed by phagocytic cells (Elmore, 2007).

It has been shown that different cellular/molecular
mechanisms are associated with apoptosis-related processes in
brain tumors. Along with genetic mechanisms, epigenetic
mechanisms (e.g., non-coding RNAs networks) greatly affect
the regulation of apoptosis-related processes. The non-coding
RNAs (ncRNAs) belong to a class of RNAs, which function at the
RNA level (Nicoloso and Calin, 2008; Pop et al., 2018). NcRNAs
are highly heterogeneous in length, structure and cellular
function (Hashemian et al., 2020; Mirzaei and Hamblin, 2020;
Balandeh et al., 2021; Dashti et al., 2021; Mahjoubin-Tehran et al.,
2021). They can be classified into two main classes: structural
non-coding RNA and regulatory non-coding RNA. Structural
ncRNA include ribosomal RNA (rRNA) and transfer RNA
(tRNA). Regulatory ncRNAs are divided into three subclasses
based on the length, and include different types from small
nucleolar/nuclear RNA (snoRNA/snRNA), small interfering
RNAs (siRNA), microRNA (miRNA), and piwiRNA (PiRNA)
to Xist and circRNA (Zhang et al., 2019a) (Figure 1).

In this study, we describe the structure and biogenesis of
miRNA, lncRNA, and circRNA, then summarize the apoptosis-
related non-coding RNAs in brain tumors.

NON-CODING RNAS AND BRAIN TUMORS

MicroRNAs Biogenesis
MiRNAs are small single stranded non-coding RNAs, with the
mean length of nearly 22 nucleotides, which play important roles in
regulating gene expression at the post-transcriptional level and
RNA silencing (Shabaninejad et al., 2019). In 1993, lin-4, the
discovery of the first miRNA, lin-4, by the Ambros and Ruvkun
team led to a revolution in molecular biology (Lee et al., 1993;
Achkar et al., 2016; Gebert andMacRae, 2019; O’Brien et al., 2018).

Generally, miRNA is critical for normal animal development
and is capable of regulating a variety of biological processes and
signaling pathways like metabolism and differentiation as well as
rapid growth or proliferation. Increasing evidence have shown
the correlation between miRNA deregulation and numerous
kinds of human diseases, including heart disease, metabolic
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disorder, and cancer. In addition, miRNAs contribute
importantly to invasion, metastasis and the tumor
angiogenesis and are capable of exiting from the cells through
vesicles and entering the extra-cellular fluids (O’Brien et al., 2018;
Lin and Gregory, 2015).

RNA polymerase II (Pol. II) enzyme begins miRNAs
biogenesis in the nucleus and approximately half of the
miRNAs have been identified to be intragenic, largely derived
from the introns, whereas the others to be intergenic with their
specific promoters (Gebert and MacRae, 2019).

Therefore, a long transcript referred to as the primary
microRNA (pri-miRNA) is generated after the transcription by
Pol. II and hence Pri-miRNA may create a cluster of two or more
miRNAs or a miRNA. Furthermore, it has a local stem loop
structure, undergoing several steps of maturation like splicing,
polyadenylation, as well as capping. Scission of Pri-miRNA to
pre-miRNA is conducted by a micro-processor complex which

has two parts: the double-strand RNase DROSHA and its crucial
cofactor; that is, DiGeorge syndrome critical region 8 (DGCR8)
(Lee et al., 1993; Ha and Kim, 2014; Lin and Gregory, 2015;
Gebert and MacRae, 2019).

Research has shown a length of nearly 65 nucleotides of pre-
miRNAs with a hairpin-like structure that is the same as the pri-
miRNA. Then, Exportin 5 translocates pre-miRNA into
cytoplasm, wherein its maturity ends. Pre-miRNA is converted
to a mature ∼22 nucleotide miRNA duplex by RNase III DICER1
enzyme and its binding protein, and transactivation response
element RNA-binding protein (TRBP) in the cytoplasm. A strand
works as one of the guide miRNAs and the other is loaded to
Argonaute (AGO) for making a complex: RNA-induced silencing
complex (RISC). The complex is assembled by two steps of
loading and unwinding of RNA duplex. RISC is capable of
binding to the 3′-UTR of the target mRNAs from 5′-UTR of
miRNA that may repress translation or degrade mRNA (Ha and

FIGURE 1 | Classification of non-coding RNAs.

FIGURE 2 | Biogenesis of microRNA (miRNA). This figure is created by www.BioRender.com.
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Kim, 2014; Lin and Gregory, 2015). The schematic steps of
biogenesis of miRNA is illustrated in Figure 2.

MiRNAs may target and regulate a majority of the protein-
coding genes due to the existence of one conserved binding site
for miRNAs in the above genes. Additionally, numerous mRNAs
may be targeted by a miRNA (Ha and Kim, 2014).

MicroRNAs and Apoptosis in Brain Tumors
The miRNA-342 is elevated in glioblastoma cell, and could
directly modulate BCL2 expression, suggesting a possible role
in apoptosis induction (Ghaemi et al., 2020). The miRNA-16 can
promote apoptosis by targeting BCL2 in glioblastoma cell (Yang
et al., 2014). The miR-148a is elevated in glioblastoma cell. miR-
148a inhibition could induce apoptosis via pro-apoptotic
molecule BIM in glioblastoma (Kim et al., 2014). The elevated
level of miR-330-5p in glioblastoma could induce cell apoptosis
via targeting ITGA5 expression in glioblastoma cells (Feng et al.,
2017). The miR-758-5p was up-regulated in glioblastoma. It can
promote apoptosis by decreasing ZBTB20 in glioblastoma cell
(Liu et al., 2018a). There is a downregulation of miR-543 in
glioblastoma and its upregulation can induce apoptosis by
targeting ADAM9 (Ji et al., 2017). MiR-152-3p affected the
apoptosis of glioblastoma cells via NF2 overexpression (Sun
et al., 2017). The inhibition of increased miR-210 in
glioblastoma can increase ROD1 expression and apoptosis
(Zhang et al., 2015). The overexpression of miR-125a-3p leads
to decreased Nrg1 and increased apoptosis in glioblastoma cell
(Yin et al., 2015). In another study, miR-500a-5p inhibited
apoptosis in glioblastoma through targeting CHD5 mRNA 3′-
UTR (Liu et al., 2018b). MiR-146a was down regulated in
glioblastoma. In addition, upregulation of miR-146a suppresses
Notch1 and stimulate in glioblastoma (Hu et al., 2016) MiR-125b
was markedly up-regulated in glioma. MiR-125b regulates cell
apoptosis by different signaling pathways (Wu et al., 2013).
Elevated levels of miR-374b are reported in glioma. MiR-374b
is implicated in the glioma progression by regulating apoptosis
via targeting GATA3 and SEMA3B (Gao et al., 2019a).
Upregulation of decreased miR-378a-3p in glioblastoma
decreased the expression of TSPAN17 and increased apoptosis
(Guo et al., 2019). MiR-152-3p induced glioma cell apoptosis via
decreasing DNMT1 (Sun et al., 2017). In astrocytoma tumor cells,
miRNA-124-3p was up-regulated and its over-expression leads to
increasing apoptosis via targeting 3′-UTR of PIM1 (Deng et al.,
2016). Furthermore, the over-expression of miRNA-160a-5p is
able to enhance apoptosis in astrocytoma cells via decreasing Fas-
activated serine/threonine kinase (FASTK), an anti-apoptotic
agent (Zhi et al., 2013). The induction of an increase in MiR-
181b-5p level in astrocytoma showed an increase in apoptosis
through targeting NOVA1 in astrocytoma (Zhi et al., 2014). A
study revealed a significant down-regulation of miR-106a-5p in
astrocytoma. The Over-expression of miR-106a-5p leads to
decrease in FASTK expression and increase in apoptosis (Zhi
et al., 2013). Besides, miRNA-10b was up-regulated in
medulloblastoma cell. miRNA-10b inhibition could also
decrease the expression of BCL2 and MCL-1 protein
expression in medulloblastoma cell lines (Pal and Greene,
2015). Xu et al. (2014) found that over-expression of miR-22

stimulated apoptosis via inhibiting PAPST1 in medulloblastoma
cell. MiR-378 was down-regulated in medulloblastoma. The over-
expression of miR-378 showed promoting apoptosis through
targeting UHRF1 in medulloblastoma (Zhang et al., 2017).
MiR-383 negatively regulated PRDX3. The over expression of
miR-383 and inhibiting PRDX3 could leads to stimulating
apoptosis in medulloblastoma (Li et al., 2013).

Meningioma cell lines show a low level miRNA-34a-3p and
miRNA-34a-3p upregulation can stimulate cancer cell apoptosis
via decreasing BCL2 protein (Werner et al., 2017). MiR-29c-3p
was up-regulated in meningioma cell. MiR-29c-3p induces
apoptosis via targeting PTX3 (Dalan et al., 2017). Apoptosis-
related miRNAs in brain tumors and their expression were
summarized in Table 1.

Biogenesis of lncRNAs
NcRNAs ability to regulate gene expression at transcriptional and
post-transcriptional levels explains their house-keeping functions
in numerous biological processes (Statello et al., 2021). Overall,
researchers have described lncRNAs as long RNA transcripts of
≥200 nucleotides, which do not result in protein production
(Nam et al., 2016). Moreover, they contribute importantly to the
adjustment of the translation machineries and in its modulation
via regulating the essential performance of other ncRNAs like
small nucleolar RNA (snoRNA), miRNAs, and so forth. Several
scholars presented many regulatory patterns that are under the
control of numerous lncRNAs influencing different cellular
activities that are correlated to the normal development and
pathophysiology of some diseases like different kinds of
cancers, neurological and cardio-vascular conditions, as well as
metabolic and immunological dysfunctions (Maass et al., 2014).
Therefore, it is important to know lncRNAs biogenesis for its
differentiation from other kinds of RNA and deciphering its
applicable prominence. Studies have also demonstrated
transcription of numerous groups of lncRNAs from numerous
DNA elements like enhancers, intergenic regions, and promoters
in the eukaryotic genomes (Maass et al., 2014; Fang and
Fullwood, 2016). In addition, they revealed the contribution of
several mechanisms to the biogenesis of lncRNA like cleavage
through ribonuclease P (RNaseP) for generating mature ends and
forming protein (snoRNP) complex caps at their ends, snoRNA,
and circular structures. However, there are not enough
information of the action of synthesis and modulation of
various lncRNAs (Dahariya et al., 2019).

Besides the dimension of the other classes of ncRNAs (e.g.,
siRNAs, miRNAs, and small sno/sn RNAs), lncRNAs enjoy the
secondary and 3D structures that empower them for having
protein-like and RNA functions (Cabili et al., 2015). Several
studies determined the location of lncRNAs in the nucleus
(Derrien et al., 2012), with the contribution of many lncRNAs
to the cytoplasm (Cabili et al., 2015). In addition, it is possible for
many lncRNAs to be transmitted to the near cells or serum via
exosome trafficking. Earlier researchers have regarded lncRNAs
as the by-products of transcription process. Nonetheless,
lncRNAs contribute to the cell differentiation process, growth
as well as pathogenesis of numerous illnesses like cancers (Maass
et al., 2014). LncRNAs can modulate gene expression at the time
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of transcription, post-transcription, and even epigenetically
(Cabili et al., 2015). Actually, lncRNAs greatly affect gene
expression by modifying chromatin and remodeling,
modifying histone, as well as changing the nucleosome
localization. In comparison to the mRNAs, numerous
lncRNAs are situated at the nucleus and researchers have
shown the existence of fewer exons in the lncRNA genes in
comparison to the mRNAs. Results have demonstrated the less
effective splicing of lncRNAs than the mRNAs (Guo et al., 2020;
Statello et al., 2021). In fact, they exhibited longer distances

between and the branch point and 3′ splice site weaker
internal splicing signals. Besides processing and transcription,
lncRNAs frequently consist of the embedded sequence motifs
with the ability of recruiting specific nuclear factors that enhance
the lncRNA nuclear localization and function. Furthermore,
researchers observed export of numerous lncRNAs to the
cytosol with the similar export and processing pathways to the
mRNAs. When the lncRNAs reached the cytoplasm, they
experience particular arrangement processes for assigning
various lncRNAs to the certain organelles or distribution in

TABLE 1 | Apoptosis-related miRNAs in brain tumors.

Genomic coordinates Brain tumors miRNAs Targets Model Type of cell line Ref

Up regulated
miRNA expression

q32.2 chr1:
207801852–207801939 (-)

Meningioma miRNA-
29c-3p

PTX3 In vitro Human tissues and meningioma
cell line MEN-117 and MEN-141

Dalan et al.
(2017)In vivo

q31.1 chr2:
176150303–176150412 (+)

Medulloblastoma miRNA-
10b

Bcl2-
MCL1

In vitro medulloblastoma cell lines DAOY
and UW228 and human sample

Pal and
Greene,
(2015)

p15.2 chr7:
25949919–25949986 (-)

Glioblastoma miRNA-
148a

BIM In vitro GBM cell lines U87, U373, A172,
T98G, SNB-19 and U251

Kim et al.
(2014)In vivo

p23.1 chr8:
9903388–9903472 (-)

Astrocytoma Mirna-
124-3p

PIM1 In vitro Human astrocytoma cell line u251
and human tissues

Deng et al.
(2016)

p15.5 chr11:
568089–568198 (-)

Glioblastoma miRNA-
210

ROD1 In vitro Tumor tissues and GBM cell line
U87MG, U251

Zhang et al.
(2015)

q24.1 chr11:
122099757–122099844 (-)

Glioblastoma miRNA-
125b

P53 In vitro U251 and U87 cells, rat GMB C6
cells and human brain tissues

Wu et al.
(2013)P38MAPK

q32.2 chr14:
100109655–100109753 (+)

Gliomoblastoma miRNA-
342

Bcl2 In vitro Glioblastoma cell line U251
and U87

Ghaemi et al.
(2020)

p11.23 chrX:
50008431–50008514 (+)

Glioblastoma miRNA-
500a-5p

CHD5 In vitro Tumor tissues sample Liu et al.
(2018b)In vivo Glioblastoma cell lines U-87MG,

U251
q13.2 chrX:
74218547–74218618 (-)

Glioblastoma miRNA-
374b

GATA3 In vitro Glioma cell line U251 and human
tissues sample

Gao et al.
(2019a)SEMA3B

Down regulated
miRNA expression

p36.22 chr1:
9151668–9151777 (-)

Meningioma Mirna-
34a-3p

Bcl2 In vitro Ben-Men-1 Werner et al.
(2017)

q32.1 chr1:
198858873–198858982 (-)

Astrocytoma miR-
181b-5p

NOVA1 In vitro Human tissues and astrocytoma
cell lines U251 and U87

Zhi et al.
(2014)

q32 chr5:
149732825–149732890 (+)

Glioblastoma miRNA-
378a-3p

TSPAN17 GBM cell lines U87MG and MT-
330 and tumor tissues

Guo et al.
(2019)

q32 chr5:
149732825–149732890 (+)

Medulloblastoma miRNA-
378

UHRF1 In vivo DAOY and HEK 293T cell line Zhang et al.
(2017)In vitro Tumor tissues

q33.3 chr5:
160485352–160485450 (+)

Glioblastoma miRNA-
146a

Notch1 In vitro GBM tissues, U87, U251, A172 Hu et al.
(2016)

p22 chr8:
14853438–14853510 (-)

Medulloblastoma miRNA-
383

PRDX3 In vitro Human sample and cell line DAOY,
D283 and D341

Li et al. (2013)

q14.2 chr13:
50048973–50049061 (-)

Glioblastoma miRNA-16 BCL2 In vitro and
in vivo

Glioblastoma cell line U87 and U
373 and human sample

Yang et al.
(2014)

q32.31 chr14:
101026020–101026107 (+)

Glioblastoma miRNA-
758-5p

ZBTB20 In vivo Human tissues and U118, LN-299,
H4, A172, U87-MG, and U251

Liu et al.
(2018a)

q32.31 chr14:
101031987–101032064 (+)

Glioblastoma miRNA-
543

ADAM9 In vitro,
human

U87, U251, LN229, and T98,
human tissues

Ji et al. (2017)

p13.3 chr17:
1713903–1713987 (-)

Medulloblastoma miRNA-22 PAPST1 In vivo medulloblastoma cell lines D341
and DAOY and tumor tissues

Xu et al.
(2014)In vitro

q21.32 chr17:
48037161–48037247 (-)

Glioblastoma MiRNA-
152-3P

DVMT1 In vitro U251, U87, T98-G and A172 Sun et al.
(2017)NF2

q13.32 chr19:
45638994–45639087 (-)

Glioblastoma miRNA-
330-5p

ITGA5 In vitro U87, U251, and U373 Feng et al.
(2017)

q13.41 chr19:
51693254–51693339 (+)

Glioblastoma miRNA-
125a-3p

Nrg1 In vitro Animal sample Yin et al.
(2015)In vivo Tumor sample

Glioblastoma cell line U251/
U87-MG

q26.2 chrX:
134170198–134170278 (-)

Astrocytoma MiRNA-
106a-5p

FASTK In vitro Astrocytoma cell line U251 and
human tissues samples

Zhi et al.
(2013)

Frontiers in Cell and Developmental Biology | www.frontiersin.org January 2022 | Volume 9 | Article 7921855

Tamtaji et al. Apoptosis-Related ncRNAs

284

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


the cytoplasm for associating with several RNA-binding proteins
(RBPs) (Statello et al., 2021). According to estimations, 50% of the
pools of 70% of cytoplasmic lncRNAs occur in polysome fraction
and lncRNAs at multiple level regulate the genes’ expression.
(Carlevaro-Fita et al., 2016). In fact, through interactions with
RNA, proteins, as well as DNA, lncRNAs may modulate the
chromatin structure and functions and transcription of the
distant and near genes, and influence the RNA splicing,
translation, and stability. Research has showed the contribution
of lncRNAs to the creation andmodulation of nuclear condensates
and organelles. They are capable of suppressing the genes’
expression via interferences in the transcription machinery and
alter recruitment of the transcription factors or Pol II at the
suppressed promoter (Pal and Greene, 2015) and histone
modification (Pal and Greene, 2015; Lin et al., 2020) and
declines the accessibility of chromatin (Statello et al., 2021).

One of the other kinds of lncRNAs classification has been done
according to their genomic profile or correlation with the protein
coding genes: 1) one or more exons of a coding gene are
overlapped by sense lncRNAs, 2) full or partial
complementarity to transcripts on the opposite strand exhibits
anti-sense transcripts, 3) an intron of a gene produces the intronic
lncRNAs, 4) there is a similar promoter in both protein-coding
genes and bi-directional transcripts, though their transcription is
formed in the opposite direction, 5) inter-genic lncRNAs
(lincRNAs) are situated between the protein-coding genes and
their transcription occurs individually, 6) enhancer RNAs
(eRNAs) have been found to be created from the enhancer
regions of the protein-coding genes, and finally 7) the origin
of circRNAs is the splicing processes of the protein coding genes
that create the covalently-closed loops (Beermann et al., 2016).
lncRNA biogenesis occurs in the nucleus resembling synthesizing
the protein-coding transcripts. Moreover, histone modifications
occur frequently for epigenetic marking of lncRNA promoters
that are modulated by transcription factors, which advocate or

hinder the gene expression (Guttman and Rinn, 2012). Like
mRNAs, Pol II transcribes numerous lncRNAs whereas other
lncRNA promoters protect the structures transcribed by Pol III.
Therefore, there is a precise spatial or temporal regulation of
lncRNA expression. Generally, there are fewer lncRNAs than
mRNAs, though their expression is largely limited to the certain
kinds of cells (Cabili et al., 2011; Derrien et al., 2012). Based on the
transcriptome-wide investigations, lncRNAs exhibited more
certain expression profiles than the mRNAs (Elmore, 2007;
Nikolaou et al., 2018). In other words, their expression is done
in a cell tissue-, type-, developmental stage or disease state-
specific way. For reaching the mature forms, the nascent RNA
transcripts experience several processing steps during and after
transcription, like splicing, 5ʹ-capping, chemical base
modification, as well as poly-adenylation. The schematic steps
of biogenesis of lncRNA is shown in Figure 3.

Researchers have found the biological contributions of
lncRNAs as 1) the transcription regulators in cis or trans, 2)
regulator of mRNA processing, protein activity, and
posttranscriptional control, and 3) structuring the nuclear
domains (Quinn and Chang, 2016). Overall, RNA polymerase
II transcribe the lncRNAs, which exhibit hallmarks of the protein-
coding genes, including conservation and chromatin structure of
promoters, modulation of expression via morphogens and
transcription factors, ranges of half-life tissue-specific
expression, splicing, as well as other splice variants. Several
lncRNAs enjoy a 3-helical structure at their 3′ end, created by
cleavage via RnaseP, which helps protecting them against
degradation (Yang et al., 2016).

Long Non-coding RNAs and Apoptosis in
Brain Tumors
LncRNA EGFR-AS1 expression was notably up-regulated in
glioma. EGFR-AS1 inhibition induced apoptosis. MiR-133b is

FIGURE 3 | Biogenesis of long non-coding RNA (lncRNA). This figure is created by www.BioRender.com.
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a target of EGFR-AS1. Lnc-EGFR-AS1 knockdown increased
miR-133b expression. MiR-133b was able to decrease RACK1
expression. The over-expression of miR-133b causes glioma cells
to increase their apoptosis by reducing N-cadherin, Vimentin,
MMP-2 and Bcl-2 and elevating Bax, cleaved Caspase-3 and
PARP expression (Dong et al., 2019). There is a remarkable
increase in LncRNA HOXA11-AS in glioma. The direct target of
LncRNA HOXA11-AS is miRNA-130-5p, i.e., it downregulates
miRNA-130-5p. Apoptosis was greatly increased upon miR-130-
5p transfection. The oncogenic function of LncRNA HOXA11-
AS is partly related to miR-130a-5p-HMGB2 axis. The down-
regulation of LncRNAHOXA11-AS leads to increasing apoptosis
in glioma (Xu et al., 2019b). Zhang et al. (2020a) showed that
glioma cells apoptosis was increased by LPP-AS2 inhibition. LPP-
AS2 knockdown leads to decreased EGFR the expression. LPP-
AS2 acts as a molecular sponge for miR-7-5p and inhibiting miR-
7-5p reverses the cell apoptosis stimulated by LPP-AS2
knockdown. LPPAS2 sponging of miR-7-5p up-regulates
EGFR to activate the PI3K/AKT/c-MYC pathway (Zhang
et al., 2020a). Human glioma cells have low amounts of
lncRNA UBE2R2-AS1. Glioma cells growth is in part
regulated by the UBE2R2-AS1/miR-877-3p/TLR4 pathway.
Following upregulation of UBE2R2-AS1 in glioma cells, there
was a remarkable elevation of caspase-3, caspase-7, and caspase-
8, while reduction of Bcl2 (Xu et al., 2019c). LncRNA Gas5 is
down-regulated in glioma. The Overexpression of Gas5 promotes
the apoptosis. Gas5 and miR- 222 expressions are inversely
associated. The overexpression of Gas5 upregulates Plexin C1,
bmf by lowering the level of miR-222. The down-regulation of
miR-222 increases the level of bmf (a pro-apoptotic agent), which
increase Bax expression and decrease Bcl-2 expression in glioma
(Zhao et al., 2015). lncRNA ZEB1-AS1 is elevated in glioma.
Knockdown of ZEB1-AS1 induces apoptosis by increasing Bax
and lowering Bcl-2 (Lv et al., 2016). LncRNA H19 expression was
up-regulated in glioblastoma cells. H19 knockdown leads to
increasing apoptosis in glioblastoma cells under TMZ
treatment. H19 knockdown reduces pro-caspase 3 and
increases cleaved caspase 3 and Bax, and decreases Bcl-2 in
glioblastoma cells under TMZ treatment (Li et al., 2016). High
levels of lncRNA SNHG6 are present in glioma cells. The
knockdown of SNHG6 increases apoptosis. By regulating miR-
101-3p expression, SNHG6 exerts its effect in glioma
tumorigenesis (Meng et al., 2018). NEAT1 is downregulated in
glioma. Elevating the level of NEAT1 in glioma cells can enhance
apoptosis. NEAT1 exerts its tumor suppressor effects by down-
regulating miR-92b and up-regulating DKK3 (Liu et al., 2020).
LncRNA SNHG16 is elevated in glioma. SNHG16 inhibition
leads to apoptosis via upregulating caspase-3 and Bax and,
down-regulating Bcl-2, Bcl-xl and Mcl-1. In addition, SNHG16
may affect apoptosis via regulation of PI3K/Akt pathway. By
binding to MiR-4518 and its inhibition, SNHG16 can regulate
PRMT5 expression. SNHG16 could exerts oncogenic function
through the SNHG16-miR-4518 axis in glioma cells (Lu et al.,
2018). Apoptosis of glioma cells could be enhanced by inhibiting
lncRNA EPIC1. The down regulation of EPIC1 reduces the
Cdc20 expression which functions as an anti-apoptotic agent
in glioma cells (Wang et al., 2020a). LncRNA SOX2OT is present

in high levels in glioma. SOX2OT inhibition upregulates miR-
194-5p and miR-122 which in turn enhance the apoptosis of
glioblastoma stem cells (Su et al., 2017). Glioblastoma cells have
low levels of LncRNA CASC2. LncRNA CASC2 acts as a tumor
suppressor by stimulating apoptosis through CASC2-miR-18a
axis in glioblastoma (Wang et al., 2020b). LncRNA GAPLINC
was significantly up-regulated in glioblastoma tissues. GAPLINC
inhibition promoted apoptosis. GAPLINC can target miR-331-
3p. GAPLINC could be an oncogenic lncRNA via negative
modulation of miR-331-3p in glioblastoma (Chen et al., 2019).
The overexpression of LncRNA LINC00657 leads to miR-190a-
3p inhibition; Consequently, PTEN expression is stimulated
regulating caspase3 through PI3K/Akt/mTOR pathway. Thus,
the overexpression of LncRNA LINC00657 induces apoptosis in
glioblastoma (Chu et al., 2019). LncRNA SNHG20 was highly
expressed in glioblastoma. The knockdown of SNHG20
significantly promotes cell apoptosis. PI3K/Akt/mTOR
signaling pathway were inhibited by SNHG20 knockdown,
while were stimulated by SNHG20 overexpression. Apoptosis
is increased with IGF-1, a PI3K signaling activator, whereas
apoptosis is decreased with GDC-094, a PI3K signaling
inhibitor. Apoptosis induced by SNHG20 knockdown is
efficiently rescued by IGF-1 (Gao et al., 2019b). Glioblastoma
stem cells have high amounts of LncRNA NEAT1. LncRNA
NEAT1 inhibition promotes glioblastoma stem cells apoptosis.
There is a binding region between LncRNA NEAT1 and
microRNA let-7e. NEAT1 inhibition increases the level of let-
7e which can downregulate NRAS (a pro-oncogenic factor) as its
target. In addition, the overexpression of NRAS significantly
inhibit apoptosis in glioblastoma stem cells (Gong et al.,
2016). LncRNA AGAP2-AS1 is elevated in glioblastoma and
its inhibition leads to TFPI2 overexpression and enhanced
apoptosis (Luo et al., 2019). LncRNA MANTN1-AS1 was
down-regulated in glioblastoma. LncRNA MANTN1-AS1
induce glioblastoma cell apoptosis via regulation of different
proteins RELA, ERK1/2, survivin, MMP-9, Bcl-2 and Bax
(Han et al., 2019). LncRNA DLEU1 was significantly up-
regulated in glioblastoma tissues. DLEU1 knockdown increase
Bax and decrease Bcl-2. SP1 is a target of miR-4429 and DLEU1
sponged miR-4429 to induce SP1 expression. Therefore,
SP1–DLEU1–miR-4429 pathway could regulate apoptosis in
glioblastoma (Liu et al., 2019). LncRNA HOTAIRM1 inhibits
apoptosis in glioblastoma through regulation of miR-873-5p/
ZEB2 axis. By inactivating miR-873-5p, HOTAIRM1
upregulates ZEB2 (Lin et al., 2020). LncRNA MALAT1 has
pivotal role in ZHX1 expression. MALAT1 induce ZHX1
expression through miR-199a in glioblastoma cells. The
overexpression of ZHX1 is related to decreased Bax and
increased Bcl-2 in glioblastoma (Liao et al., 2019a). In another
study showed a significant up-regulation of LncRNA LEF1-AS1
expression in glioblastoma. The Knockdown of LEF1-AS1
significantly promoted cell apoptosis through regulating p27,
Blc-2, and Bax expression (Wang et al., 2017). LINC01152 was
up-regulated in glioblastoma. The silenced LINC01152 decreases
the levels of MAML2. The apoptosis of glioblastoma cells is
stimulated by MAML2 depletion. LINC01152 and MAML2
3′UTR have binding sites for miR-466. miR-466 inhibition

Frontiers in Cell and Developmental Biology | www.frontiersin.org January 2022 | Volume 9 | Article 7921857

Tamtaji et al. Apoptosis-Related ncRNAs

286

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


could in part reverse the enhanced apoptosis observed after
LINC01152 silencing (Wu et al., 2021). High levels of
LncRNA SNHG3 are observed in glioma. SNHG3 inhibition
induces cell apoptosis (Fei et al., 2018). In glioma cells, the
silencing of lncRNA PVT1 inhibits EZH2 which in turn
increases caspase 3 and Bax and reduces Bcl-2 and as a result,
apoptosis is promoted (Yang et al., 2017). LncRNA GATA6-AS
was up-regulated in glioma. GATA6-AS overexpression results in
TUG1 downregulation and apoptosis inhibition (Liao et al.,
2019b). LncRNA UBA6-AS1 expression was enhanced in
glioblastoma. Through miR-760/HOXA2 regulation, UBA6-
AS1 inhibition can improve apoptosis (Cheng et al., 2021).
LncRNA KCNQ1OT1 significantly was Up-Regulated in
glioma. LncRNA KCNQ1OT1 down-regulation induces glioma
cells apoptosis. KCNQ1OT1 expression inversely correlates with
miR-370 expression in glioma cells. Apoptosis is increased by
miR-370 upregulation. MiR-370 exerts its anti-oncogenic effects
through CCNE2 downregulation (Gong et al., 2017). LncRNA
SCAMP1 is observed in high levels in glioma cells. The inhibition
of SCAMP1 promotes apoptosis via molecular sponging of miR-
499a-5p (Zong et al., 2019). LncRNA HOTAIR expression was
up-regulated in glioblastoma. There is positively correlation
between HOTAIR with the HK2 expression. HK2 depletion
sensitizes the glioblastoma cells to TMZ-induced apoptosis.
HK2 absence in glioblastoma cells also enhances the cleavage
of caspase-3 following TMZ treatment and induces higher
apoptosis Depletion of HOTAIR also suppresses the
expression of HK2 increases the TMZ-induced apoptosis and
cleavage caspase-3 in glioblastoma cells. The expression of miR-
125 up-regulates by HOTAIR knockdown and miR-125 could be
the downstream of HOTAIR for HK2 regulation (Zhang et al.,
2020b). Low levels of LncRNA HOTTIP is observed in glioma.
HOTTIP upregulation increases cell apoptosis. HOTTIP directly
binds to BREgene and down-regulate BRE expression. Through
BRE downregulation which results in cyclin A and CDK2
suppression and P53 elevation, HOTTIP reduces glioma cell
growth (Xu et al., 2016). LncRNA LINC00515 was over-
expressed in glioma tissues. LINC00515 deficiency increases
apoptosis in glioma cells. LINC00515 regulates PRMT5
expression via sponging miR-16 (Wu and Lin, 2019). A
remarkably low level of LncRNA PART1 is observed in
glioma. PART1 inactivates miR-190a-3p which suppresses
PTEN/AKT axis and as a result apoptosis in enhanced in
glioma cells (Jin et al., 2020a). LncRNA WEE2-AS1 is elevated
in glioblastoma. Through miR-520f-3p/SP1 axis, WEE2-AS1
inhibition improves apoptosis in glioblastoma (Lin et al.,
2021). LncRNA Linc-00313 is elevated in glioma. Linc-00313
suppression significantly promotes apoptosis in glioma; this effect
is due to miR-342-3p and miR-485- 5p upregulation (Shao et al.,
2019). LncRNA AC003092.1 is lowered in glioblastoma. LncRNA
AC003092.1 exerts its effects in TMZ chemosensitivity by
regulating miR-195/TFPI-2 pathway (Xu et al., 2018a). Glioma
cells have elevated levels of lncRNA SNHG12. The
overexpression of lncRNA SNHG12 significantly inhibit the
apoptosis in glioma cell via targeting Hu antigen R (HuR) (Lei
et al., 2018). LncRNA HOTAIRM1 is upregulated in glioma and
glioblastoma. HOTAIRM1 inhibited cell apoptosis via regulation

of HOXA1 gene (Li et al., 2018). The overexpression of lncRNA
PABPC1 increased apoptosis in glioblastoma cells via BDNF-AS-
RAX2-DLG5 axis (Su et al., 2020). Glioblastoma cells show
elevated levels of LncRNA PXN-AS1. Apoptosis of
glioblastoma cells was promoted by PXN-AS1 inhibition
through lowering Bcl-2 and elevating Bax (Chen et al., 2020).
There are low levels of TAF15 and LncRNA LINC00665 in
glioma, on the contrary, high levels of MTF1, YY2, and
GTSE1 are observed. TAF15 upregulation could promotes
apoptosis via targeting MTF1,YY2, and GTSE1 (Ruan et al.,
2020). LncRNA MATN1-AS1 is lowered in glioblastoma.
MATN1-AS1 upregulation is able to promote apoptosis
through RELA, survivin, ERK1/2, MMP-9, and Bcl-2
inhibition, and Bax elevation (Han et al., 2019).

Medulloblastoma tissues are observed to have elevated levels
of LncRNA HOTAIR which binds to miR-1 and miR-206 and
inhibits them to upregulate YY1. Through miR-1/miR-206-YY1
pathway, HOTAIR suppression leads to increased apoptosis in
medulloblastoma (Zhang et al., 2020c). Medulloblastoma tissues
demonstrate high levels of LncRNA LOXL1-AS1. The
proliferation and metastasis of medulloblastoma cells are
improved by LOXL1-AS1 via stimulating PI3K-AKT pathway
and therefore, its suppression results in increased apoptosis (Gao
et al., 2018). There is an elevated level of LncRNA TP73-AS1 in
medulloblastoma cells which binds to miR-494-3p to inhibit it
and in turn activate EIF5A2, the pathway that explains promoted
apoptosis following TP73-AS1 suppression (Li et al., 2019b).
LncRNA CRNDE was up-regulated in medulloblastoma. The
knockdown of lncRNA CRNDE induces apoptosis via
promoting the activity of caspase-3 in medulloblastoma cells
(Song et al., 2016) Cleaved-caspase-3, caspase-9, and Bax
elevation, and bcl-2 reduction are the results of HOTAIR
downregulation in medulloblastoma cells (Zhao et al., 2020).
Varon et al. (2019) reported a significant up-regulation of
lncRNA TP73-AS1 in medulloblastoma cells. Silencing TP73-
AS1 stimulates apoptosis via targeting caspase 3 in
medulloblastoma cells.

Malignant meningioma shows LncRNA LINC00702 to be
upregulated. LINC00702 stimulates tumorigenesis by
inactivating miR-4652-3p which consequently activates ZEB1.
Therefore, LINC00702 downregulation induces apoptosis (Li
et al., 2019c). Astrocytoma cells are shown to have high
amounts of LncRNA SNHG17. SNHG17 can bind to miR-
876-5p to keep it from sponging ERLIN2. This pathway
justifies the enhanced apoptosis observed after SNHG17
inhibition (Du and Hou, 2020). Table 2 lists apoptosis-related
lncRNAs in brain tumors and their expression.

Biogenesis of the Circular RNAs
Circular RNAs (circRNAs) characterize a type of endogenous
ncRNA generated by back splicing events, with the ubiquitous
presence in numerous species. They have one or more exons with
the major location in the cytoplasm so that a few of the circRNAs
consisting of intron originate in the nucleus (Guo et al., 2014). In
spite of the linear RNAs, circRNAs make a continuous loop
formation using covalent bonds and therefore do not have a 5–3′
direction or a polyadenylated tail; these features result in their
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TABLE 2 | Apoptosis-related lncRNAs in brain tumors.

Genomic coordinates Brain tumors lncRNA Targets Model Type of cell line Ref

Up regulated
lncRNAs
expression

p36.32 chr1:
3735510–3745905 (-)

Medulloblastoma TP73-AS1 miR-494-3p/EIF5A2 In vivo specimens of
medulloblastoma human
medulloblastoma cell lines
Daoy, D341 animal
experiment

Li et al. (2019b)
E-cadherin,
N-cadherin, Vimentin

In vitro

p36.32 chr1:
3735510–3745905 (-)

Medulloblastoma TP73-AS1 Capase-3 In vivo cell lines UW228.2, MED8A
and ONS76, DAOY/mice

Varon et al.
(2019)In vitro

p35.3 chr1:
28505979–28510892 (+)

Glioblastoma SNHG3 Human,
in vitro

glioma tissue/cell lines (A172,
U251, U87, and SHG44)

Fei et al. (2018)

p35.3 chr1:
28578537–28581010 (-)

Glioblastoma SNHG12 HuR In vitro tumor samples U87, LN229,
U373, U251

Lei et al. (2018)

q27.3 chr3:
188151205–188154057 (-)

Glioblastoma LPP-AS2 miR-7-5p/EGFR/
PI3K/AKT/and
c-MYC PI3K/AKT
pathway

In vitro Glioma tissues U251, U87,
SHG44, T98G, GOS-3,
TJ905, U373

Zhang et al.
(2020a)In vivo

q26.33 chr3:
180989761–181117494 (+)

Glioblastoma SOX2-OT MiR-194-5p,
miR-122

In vivo U87 and U251 cell lines Su et al. (2017)

q13.2 chr4:
67701208–67723914 (+)

Glioblastoma UBA6-AS1 miR-760/HOXA2 In vivo GBM tissues/GBM cell lines
A172 and U251

Cheng et al.
(2021)In vitro

q25 chr4:
108167524–108176426 (+)

Glioblastoma LEF1-AS1 ERK1/2 and Akt/
mTOR pathway

In vivo GBM tissues Human U251
and U87 glioma cells

Wang et al.
(2017)

Bax and Bcl-2 In vitro
q14.1 chr5:
78360610–78476026 (+)

Glioblastoma SCAMP1 Wnt/β-catenin In vivo Glioma specimens U87,
U251, HEK293T mice

Zong et al.
(2019)

p15.2 chr7:
27184506–27189298 (+)

Glioblastoma HOXA11-AS miR-130a-5p/
HMGB2

In vitro Glioma tissues and U251 and
U87MG cells

Xu et al.
(2019b)In vivo

p11.2 chr7:
55179749–55188934 (-)

Glioblastoma EGFR-AS1 miR-133b/RACK1 In vitro Human U87, U251 and T
Human glioma
specimens98 G

Dong et al.
(2019)N-cadherin, Vimentin

and MMP-2, Bax,
cleaved Caspase-3
and PARP

In vivo

q34 chr7:
141704002–141738230 (-)

Glioblastoma WEE2-AS1 miR-520f-3p/SP1 In vivo GBM tissues/GBM cell lines
T98 and U138/mice

Lin et al. (2021)
In vitro

p15.2 chr7:
27095646–27096327 (+)

Glioblastoma HOTAIRM1 HOXA1 In vivo U87, U251, and A172 cell
lines glioma tissues

Li et al. (2018)
In vitro

p15.2 chr7:
27095646–27096327 (+)

Glioblastoma HOTAIRM1 miR-873-5p/ZEB2 In vitro U87, LN-229, U-251, and
A172

Lin et al. (2020)
Cyclin A1, Cyclin D1,
Bcl-2, Caspase-3

q13.1 chr8:
66921683–66925541 (-)

Glioblastoma SNHG6 miR-876-5p/ERLIN2
axis

In vitro LN-215, ADF, U138, A-382 Du and Hou,
(2020)

q24.21 chr8:
127794525–128101256 (+)

Glioblastoma PVT1 Bax/bcl2/caspase 3 In vivo glioma cell lines U87MG and
U251/glioma tissue/mice

Yang et al.
(2017)In vitro

p11.22 chr10:
31206277–31319691 (-)

Glioblastoma ZEB1-AS1 Bax/bcl2 In vivo
in vitro

HS683, T98G, U87, U251
glioma tissues

Lv et al. (2016)

p15.1 chr10:
4201140–4243912 (-)

Meningioma LINC00702 miR-876-5p/ERLIN2
axis

In vitro LN-215, ADF, U138, A-382 Du and Hou,
(2020)

q13.1 chr11:
65497687–65506431 (+)

Glioblastoma MALAT1 miR-199a/ZHX1 In vivo Glioma tissues Liao et al.
(2019a)Bcl-2/Bax In vitro U87-MG, U251, T98G, and

A172
q13.1 chr11:
65422773–65426457 (+)

Glioblastoma NEAT1 miRNA let-7e/NRAS Human,
In vitro

glioma tissues Gong et al.
(2016)U87, T98G, U251, A272 and

U373 cell lines
p15.5 chr11:
1995175–1996191 (-)

Glioblastoma H19 Notch signaling
pathway

In vivo GBM tissue GBM cell lines
(M059K, LN-229, T98G, and
U343) mice

Wu et al. (2021)
In vitro

p15.5 chr11:
2608327–2699994 (-)

Glioblastoma KCNQ1OT1 miR-370/CCNE2 In vitro cell lines (U87, U251)/glioma
tissues/mice

Gong et al.
(2017)In vivo

q24.23 chr12:
120201290–120213231 (+)

Glioblastoma PXN-AS1 Wnt/β-catenin
pathway

In vivo A172, U251, U87, LN229 Chen et al.
(2020)Animal sample

q13.13 chr12:
53962307–53974956 (-)

Medulloblastoma HOTAIR miR-1/miR-206/YY1 In vivo primary medulloblastoma
samples

Zhang et al.
(2020c)

Human cells, Daoy, D283
med and D34

(Continued on following page)
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TABLE 2 | (Continued) Apoptosis-related lncRNAs in brain tumors.

Genomic coordinates Brain tumors lncRNA Targets Model Type of cell line Ref

q13.13 chr12:
53962307–53974956 (-)

Medulloblastoma HOTAIR caspase-3,9/
bcl2/bax

In vivo medulloblastoma cell lines
Daoy and D341/mice

Zhao et al.
(2020)

q13.13 chr12:
53962307–53974956 (-)

Glioblastoma HOTAIR Caspase-3 In vivo U-87 and A172 cell lines/
GBM samples/mice

Zhang et al.
(2020b)In vitro

q14.1 chr12:
57726270–57728356 (+)

Glioblastoma AGAP2-AS1 TFPI2 In vivo GBM tumor tissues Luo et al. 2019)
In vitro GBM cell lines (A172, U87/

MG, U251/MG, LN229, and
SHG44)

q14.2 chr13:
50082168–50107202 (+)

Glioblastoma DLEU1 miR-4429 ? U251, U87 and LN229 Liu et al. (2019)
Bcl-2/Bax/
caspase-3

q24.1 chr15:
73908070–73919870 (-)

Medulloblastoma LOXL1-AS1 PI3K-AKT In vivo Human tissues Gao et al.
(2018)In vitro Human medulloblastoma cell

lines cell lines Daoy, D283,
D425, D341, and D458

q12.2 chr16:
54845188–54848278 (-)

Medulloblastoma CRNDE miR-101-3p In vivo glioma tissues U87, U251,
LN229, T98G Mice

Meng et al.
(2018)

q24.3 chr17:
72030290–72036316 (+)

Glioblastoma LINC01152 caspase-3 In vivo cell lines D283, Daoy, D425,
D341, and D458/Human
Samples/Mouse

Song et al.
(2016)In vitro

q25.1 chr17:
76557763–76564689 (+)

Glioblastoma SNHG16 Bcl/bax/caspase-3/
PI3K/Akt

In vitro brain glioma specimens/
U251, H4, SW1783 and
LN229 cells/

Lu et al. (2018)

q25.2 chr17:
77086715–77093762 (+)

Glioblastoma SNHG20 PI3K/Akt/mTOR in vivo glioblastoma tissues
glioblastoma cell lines
(U87MG, U343, U251,
LN215)

Gao et al.
(2019b)

p11.31 chr18:
3466249–3473203 (+)

Glioblastoma GAPLINC miR-331-3p in vitro GBM cell lines (T98G, U251,
LN18, LN229, and A172)

Chen et al.
(2019)in vivo

q11.2 chr18:
22164885–22167781 (-)

Glioblastoma GATA6-AS1 TUG1 In vitro Tumor tissues glioma cell
lines Hs 683 and CCD-25Lu

Liao et al.
(2019b)

q11.23 chr20:
38419637–38435375 (-)

Astrocytoma SNHG17 Caspase 3/bcl2/bax In vitro cell lines U87MG, U251,
U343, Hs683, LN215 and
A172

Li et al. (2016)

q21.3 chr21:
25582769–25583326 (-)

Glioblastoma LINC00515 miR-16/PRMT5 In vivo Glioma tissue/Human glioma
cell lines U251, U87MG,
LN229

Wu and Lin,
(2019)

q22.3 chr21:
4,3461959–43478223 (-)

Glioblastoma Linc-00313 UPF1-Linc-00313-
miR-342-3p/miR-
485-5p-Zic4-
SHCBP1

In vivo (GBM) cell lines U87, U251/
glioma tissues/mice

Shao et al.
(2019)

q13.31 chr22:
47630827–48023030 (+)

Globlastoma EPIC1
(LOC284930)

Notch signaling
pathway

In vivo GBM tissue GBM cell lines
(M059K, LN-229, T98G, and
U343) mice

Wu et al. (2021)
In vitro

Down
regulated
lncRNAs
expression

p35.2 chr1:
30718503–30726744 (+)

Glioblastoma MATN1-AS1 RELA in vivo
in vitro

U87MG and U251 Han et al.
(2019)ERK1/2, Bcl-2,

survivin, andMMP-
9, Bax

GBM tissue

p35.2 chr1:
30718503–30726744 (+)

Glioblastoma MATN1-AS1 Bcl/bax In vivo GBM cells U87MG and
U251/GBM tissue
specimens/mice

Han et al.
(2019)In vitro

q25.1 chr1:
173858558–173867045 (-)

Glioblastoma GAS5 Bcl-2\bax In vivo cell lines (U87 and U251)/
glioma tissues/mice

Zhao et al.
(2015)In vitro

q12.1 chr5:
60487712–60491518 (+)

Glioblastoma PART1 PI3K/AKT In vitro,
human

U87MG, LN-18, LN-428
glioma tissues

Jin et al.
(2020a)Bcl2/bax

p15.2 chr7:
27198574–27201236 (+)

Glioblastoma HOTTIP P53 In vivo
in vitro

A172, U251, U87-MG,
U118-MG glioma tissues
mice

Xu et al. (2016)

q21.3 chr7:
94022832–94064723 (+)

Glioblastoma AC003092.1 miR-195/TFPI-2
signaling

In vivo Human U87 cell line/glioma
tissues/mice

Xu et al.
(2018a)In vitro

p13.3 chr9:
33775182–33801186 (-)

Glioblastoma UBE2R2-AS1 miR-877-3p/TLR4 In vitro U251, A-172, U87-MG, and
U373 glioma samples

Xu et al.
(2019c)caspase-3/-7/-8 and

Bcl2
In silico

(Continued on following page)
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higher stability in the plasma and tissues (Suzuki and Tsukahara,
2014).

Hence, the mentioned specific structural features imply the
fact that they are pathologically and physiologically major
transcripts. A lot of investigations have confirmed that the
abnormal expression of circRNAs is one of the major
regulatory elements in expansion and carcinogenesis of some
cancers such as hematological malignancies, lung cancer, and
liver cancer, revealing the probable targets to diagnosis and
prognosis of these cancers by circRNAs. Some recent
investigations performed about features and biogenesis of the
circRNAs, summarized their functions and mechanisms of action
in cancers, and discussed their capacity to diagnose and treat the
diseases of interest (Bach et al., 2019; Zhang et al., 2020d; Lei et al.,
2020; Shen et al., 2021).

Considering their origins, it is possible to classify circRNAs
into 3 groups of circular intron RNAs (ciRNAs), exonic circRNAs
(ecircRNAs), and exon–intron circRNAs (EIciRNAs) (Meng
et al., 2017) (Figure 4). Various circularization mechanisms
regulate circRNA biogenesis, out of which ecircRNA is
abundantly found so that it includes most of specified
circRNAs (Bolha et al., 2017). In fact, gene transcription is
regulated by cirRNAs. Overall, Pol II transcribes a pre-mRNA

which consists of exons and introns as well as a seven-
methylguanosine cap and poly-adenosine tail, which is added
to its 5′- and 3′-ends. After that, pre-mRNA is spliced at the
canonical splice sites (5′-GU & 3′-AG at introns) using
spliceosomes for maturity and translatability. In addition, one
of the specific splicing manners known as back-splicing generates
CircRNA, where the 3′-end of an exon binds to the 5′-end of its
own or an upstream exon via a 3′, 5′- phosphodiester bond, and
establishes a closed structure with a back-splicing junction.
Researchers viewed circRNAs as the splicing errors consisting
of scrambled exons, and presented and verified two biogenesis
models based on the splicing events sequence and various
intermediates, including direct backsplicing model and lariat
model (Zhang et al., 2020d; Zhou et al., 2020).

Circular RNAs and Apoptosis in Brain
Tumors
Glioblastoma cells show a remarkably high level of Circular
RNA hsa_circ_0067934. The hsa_circ_0067934 silencing
promotes apoptosis in glioblastoma cells via PI3K-AKT
pathway (Xin et al., 2019). MiR-181a was down-regulated in
glioma, while the circ_0076248 and SIRT1 were up-regulated.

TABLE 2 | (Continued) Apoptosis-related lncRNAs in brain tumors.

Genomic coordinates Brain tumors lncRNA Targets Model Type of cell line Ref

q26.11 chr10:
118046278–118206659 (+)

Glioblastoma CASC2 miRNA-18a In vitro glioblatoma tissue Wang et al.
(2020b)

E-cadherin In vivo Human glioblastoma cells
(A172 and T98)

p14.1 chr11:
27506829–27515218 (+)

Glioblastoma BDNF-AS PABPC1-BDNF-
AS-RAX2-DLG5
pathway

In vivo U87 and U251 Glioma
tissues Mice

Su et al. (2020)

q13.1 chr11:
65422773–65426457 (+)

Glioblastoma NEAT1 miR-92b/DKK3
pathway

U-87 MG and U251 glioma
tissues

Liu et al. (2020)

q13.12 chr19:
36259539–36264788 (-)

Glioblastoma LINC00665 TAF15/LINC00665/
MTF1(YY2)/GTSE1
axis

In vivo U251 and U87 glioma cells/
glioma tissues/mice

Ruan et al.
(2020)

In vitro
q11.23 chr20:
36045617–36051018 (-)

Glioblastoma LINC00657
(NORAD)

miR-190a-3p/PTEN In vivo U-87 MG, LN-18 and
U-118 MG

Chu et al.
(2019)

PI3K/Akt/mTOR In vitro Animal cases

FIGURE 4 | Classification of circular RNAs.
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TABLE 3 | Apoptosis-related circular RNAs in brain tumors.

Genomic coordinate Brain tumors Circular RNAs CircbaseID Targets Model Type of cell line Ref

Up regulated
circular RNA
expression

q21.3 chr1:
151206672–151212515
(+)

Glioblastoma CircPIP5K1A hsa_circ_0014130 PI3K/AKT In vivo U87, TJ861, TJ905,
U251, H4, A172
glioma tissues

Zheng
et al.
(2021)

In vitro mice
q26.2 chr3:
170013698–170015181
(+)

Glioblastoma CircPRKCI hsa_circ_0067934 PI3K-AKT
pathway

In vitro GBM samples Xin et al.
(2019)The LN18, U251,

LN229, T98G and
A172 cells

q26.2 chr3:
170013698–170015181
(+)

Glioblastoma CircPRKCI hsa_circ_0067934 caspase-3,
caspase-9 and
PARP

In vivo A172 glioma cells/
human glioma
tissues/mice

Zhang
et al.
(2019b)

In vitro

q14.2 chr5:
82832825–82838087 (+)

glioblastoma CircVCAN hsa_circ_0073237 microRNA-
1183

In vitro The 293T, U87, and
U251 cells glioma
tissues/mice

Zhu et al.
(2020)

p21.2 chr6:
37787306–38084515 (+)

Glioblastoma CircZFAND3 hsa_circ_0076248 MiR-181a/
SIRT1

In vivo Human GBM
samples/U251, U87
cell lines

Lei et al.
(2019)

In vitro Animal studies
q14.3 chr6:
86176777–86197207 (+)

Glioblastoma CircNT5E hsa_circ_0077231 NT5E, SOX4,
PI3KCA, p-Akt,
p-Smad2

In vivo Tumor tissue
samples/GBM cells
(U87 and U251)/
mice

Wang
et al.
(2018a)

In vitro

q32.1 chr7:
128845043–128846428
(+)

Glioblastoma CircSMO742 hsa_circ_0001742 miR-338-
3p/SMO

In vivo 10 human gliomas
tissues/human
glioblastoma A172
and U-87 MG/mice

Xiong
et al.
(2019)

In vitro

q24.21 chr8:
128806778–128903244
(+)

Glioblastoma CircPVT1 hsa_circ_0085536 miR-199a-5p In vitro human GBM tissues
U539 and U251 cells

Chi et al.
(2020)YAP1 and

PI3K/AKT
Capase-3
Capase-9
Ncadherin,
Vimentin, Zeb1,
E-cadherin

q34.12 chr9:
130914461–130915734
(+)

Glioblastoma CircLCN2 hsa_circ_0088732 N-cadherin,
vimentin,
E-cadherin

In vivo tumor tissues/glioma
cell lines

Jin et al.
(2020b)

In vitro LN229, U87-MG,
U251, and A172/
mice

q12.11 chr13:
21735928–21746820 (-)

Medulloblastoma CircSKA3 hsa_circ_0029696 miR-383-5p/
FOXM1

In vivo tissue samples/cell
lines

Wang
et al.
(2020c)Bcl2 and

capase-3
In vitro DAOY and ONS-76

q13.3 chr13:
38136718–38161065 (-)

Glioblastoma CircPOSTN hsa_circ_0030018 Bcl2/bax/
caspase 3

In vivo Human tissue
sample/Glioma cell
line (U251, LN229)/
mice

Long
et al.
(2020)

In vitro
q15.2 chr15:
43120125–43164956 (-)

Glioblastoma CircTTBK2 hsa_circ_0000594 Mirna-520b/
EZH2

In vivo glioma tissues Yuan
et al.
(2019)

In vitro A172 and U251 mice

q15.2 chr15:
43120125–43164956 (-)

Glioblastoma CircTTBK2 hsa_circ_0000594 PI3K/AKT
and ERK

In vivo Human tissues
specimens/Human
U87 and U251
glioma cell lines
mice/

Zheng
et al.
(2017)

In vitro

p13.3 chr16:
765172–767480 (+)

Glioblastoma CircMETRN hsa_circ_0037251 miR-1229-3p/
mTOR axis

In vivo U373, U251 mice Cao
et al.
(2019)

In vitro

q21.1 chr18:
48189458–48190874 (+)

Glioblastoma CircMAPK4 hsa_circ_0047688 p38/MAPK In vitro
in vivo

U138, U373 and
U87 glioma cell lines/
glioma tissues/mice

He et al.
(2020)

p13.13 chr19:
13183860–13192669 (+)

Glioblastoma CircNFIX hsa_circ_0049658 Notch signaling
pathway

In vivo SF-539, SHG-44 Xu et al.
(2018b)In vitro U87 glioma tissue

from mice
(Continued on following page)
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The down-regulation of hsa_circ_0076248 or miR-181a
overexpression upregulate p53 and SIRT1. Down regulation
of hsa_circ_0076248 leads to inhibiting xenograft tumors’
growth and increasing apoptosis (Lei et al., 2019).
CircPVT1 was over-expressed in glioblastoma tissues.
Silencing circPVT1 increasese the number of apoptotic cells
by increased cleaved-Caspase-3 and cleavedCaspase-9
expression via targeting miR-199a-5p (Chi et al., 2020).
Glioblastoma cells were shown to have a greatly elevated
level of circNT5E. circNT5E up-regulation inhibits
apoptosis via miR-422a (Wang et al., 2018a). Glioma cells
have a high level of Circ-TTBK2 and EZH2. Through miR-
520b/EZH2 pathway, circ-TTBK2 suppression is able to
improve apoptosis (Yuan et al., 2019). The high level of
circSMO742 and SMO can inhibit miR-338-3p which
results in increased proliferation, migration and invasion
and decreased apoptosis of glioma cells (Xiong et al., 2019).
Cir-ITCH is observed in low amounts in glioma. Through
miR-214 inactivation and modulation of ITCH-Wnt/β-catenin
axis in glioma cells, cir-ITCH upregulation can improve
apoptosis (Wang et al., 2018b). Glioma cells have an
elevated level of circPOSTN. Via targeting miR-361-5p/
TPX2, circPOSTN suppression can lower Bcl-2 and elevate
Bax cand caspase-3 which result in apoptosis (Long et al.,
2020). CircPIP5K1A was up-regulated in glioma cells. The
apoptosis increases after the knockdown of circPIP5K1A
through TCF12/PI3K/AKT axis regulation by miR-515-5p
inactivation (Zheng et al., 2021). Circ-MAPK4 was over-
expressed in glioma tissues. Circ-MAPK4 silencing
increases apoptosis by elevating caspase-3, caspase-7,
caspase-9, and PARP1 via targeting miR-125a-3p and
regulating p38/MAPK (Peng et al., 2020). Glioma cells
show a greatly high level of circ-TTBK2. circ-TTBK2
regulates miR-217/HNF1β/Derlin-1 pathway which reduces
apoptosis (Zheng et al., 2017). Glioma cells show
hsa_circ_0088732 to be upregulated. hsa_circ_0088732
inhibition stimulates apoptosis through the miR-661/
RAB3D pathway (Jin et al., 2020b). Glioma cells show
circNFIX to be overexpressed. circNFIX impedes miR-34a-
5p which inhibits apoptosis and therefore, circNFIX knockout
can show the opposite effects (Xu et al., 2018b). CircKIF4A

expression was increased in glioma. By targeting miR-139-3p
which downregulates cyclin D1, c-Myc and Bcl2, and
upregulates Bax, CircKIF4A suppression can improve
apoptosis in glioma cells (Huo et al., 2020). Glioma cells
show circPRKCI to be overexpressed. CircPRKCI shRNA
could induce apoptosis by increasing Annexin V, and
cleaving caspase-3, caspase-9 and PARP via targeting miR-
545 (Zhang et al., 2019b). circNFIX is present in high amounts
in glioma tissues. circNFIX suppression targets miR-378e/
RPN2 pathway to induce apoptosis (Ding et al., 2019).
hsa_circ_00037251 inhibition promotes apoptosis in glioma via
miR-1229-3p/mTOR pathway (Cao et al., 2019). Radioresistant
glioma was shown to have notably elevated levels of circ_VCAN. It
exerts a carcinogenic role in glioma via regulating microRNA-
1183. The knockdown of circ_VCAN stimulated apoptosis in
glioma cells (Zhu et al., 2020). CircSKA3 was up-regulated in
medulloblastoma tissues. sicircSKA3 reduces Bcl-2, while elevates
caspase-3 in medulloblastoma cells by targeting miR-383-5p
(Wang et al., 2020c). Table 3 illustrates apoptosis-related
circular RNAs in brain tumors and their expression.

CONCLUSION

Various cellular functions reveal the contribution of ncRNAs
to the cancer development at the transcriptional, translational,
as well as epigenetic, level. Hence, ncRNAs can be a hopeful
path of molecular medicine, though, patterns of RNAs
expression in the brain tumors are not constant and stable,
and thus researchers must provide proper alternatives to be
utilized as the diagnostic or treatment instruments. With their
stable structure, various ncRNAs have shown their capacity to
function as regulatory agents. Studies illustrated a few
circRNAs, lncRNAs even snoRNAs as the potent treatment,
diagnostic, prognostic targets in the tumors of brain.
Therefore, there are limited investigations revealing the
strict correlation of RNAs with prognosis of the cases with
gliomas, WHO grade, as well as their real potential diagnostic
value. Nonetheless, multiple investigations largely emphasized
the pathological- clinical specimens. A major difficulty is that
we must be wait for those research that specify circRNAs,

TABLE 3 | (Continued) Apoptosis-related circular RNAs in brain tumors.

Genomic coordinate Brain tumors Circular RNAs CircbaseID Targets Model Type of cell line Ref

p13.13 chr19:
13183860–13192669 (+)

Glioblastoma CircNFIX hsa_circ_0049658 miR-378e/
RPN2 axis

In vivo Patient samples T98,
U251,
SW1783,A172

Ding
et al.
(2019)

In vitro Mice
q13.1 chrX:
69606467–69607147 (+)

Glioblastoma CircKIF4A hsa_circ_0090956 Wnt5a,
β-catenin,
c-Myc, cyclin
D1/bcl2/bax

In vivo glioma sample
LN229, A172,
SHG44, U251s mice

Huo
et al.
(2020)

Down
regulated
Circular RNA
expression

q11.21 chr20:
33001547–33037285 (+)

Glioblastoma CircITCH hsa_circ_0001141 ITCH-Wnt/
β-catenin

In vitro,
human

cancer tissues U87,
U251, A172,
SHG44, LN229,
T98G, SHG139

Wang
et al.
(2018b)
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snoRNAs, miRNA, and lncRNAs from the bodily fluids, in
particular, CSF and blood of the cases with brain tumors.
Hence, it is important to focus on the particular methods about
stability, abundance, and longer half-life for identifying
ncRNAs molecules associated with the noninvasive
diagnosis and classification of the sub-types of gliomas.
Hence, such attempts may simplify the evaluation of the
initial treatment with higher sensitivity, magnetic resonance
imaging (MRI), and or other conventional bio-markers. Thus,
expression profile of the regulator RNAs that is identified by
analyzing circRNAs, snoRNAs, miRNA, and lncRNA along
with studying the respective effects would be of high
importance for exploring the molecular pathology of the

tumors in the brain. Finally, more research must be
performed for developing one of the new RNA-based
approaches for treating any malignant tumor and using
their diagnostic and prognostic potency, which may result
in promising results for cases with the brain tumors.
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Circular RNAs (circRNAs) are non-coding RNAs with covalent closed-loop structures and
are widely distributed in eukaryotes, conserved and stable as well as tissue-specific.
Malignant solid tumors pose a serious health risk to children and are one of the leading
causes of pediatric mortality. Studies have shown that circRNAs play an important
regulatory role in the development of childhood malignant solid tumors, hence are
potential biomarkers and therapeutic targets for tumors. This paper reviews the
biological characteristics and functions of circRNAs as well as the research progress
related to childhood malignant solid tumors.

Keywords: pediatric malignant solid tumors, circRNA, epigenetics, biomarkers, biological functions

INTRODUCTION

Although rare, childhood malignancies are now the second leading cause of pediatric death (Ollauri-
Ibanez and Astigarraga, 2021; Quamine et al., 2021). Furthermore, the incidence of childhood
malignancies is increasing worldwide, with less than 40% of children receiving an appropriate
diagnosis and treatment (Oyefiade et al., 2021; Sze, 2021). The symptoms of childhood malignancies
are often similar to those of other common, benign diseases, so early and accurate diagnosis is
difficult, with an untimely diagnosis an important cause of delayed treatment and mortality (Van
Paemel et al., 2020; Jain et al., 2021; Lucas et al., 2021). Although significant progress has been made
in the treatment of childhood malignancies in recent years, tumor treatment based on surgery and
radiotherapy can only kill tumor cells, not effectively control the recurrence and metastasis of some
childhood tumors (Weiser et al., 2019; Casey and Cheung, 2020; Cimini et al., 2020; Fair et al., 2020;
Greenbaum et al., 2020). Therefore, exploring early diagnostic markers of pediatric tumors to find
possible therapeutic targets is important to improve the early diagnosis, treatment, and prognosis of
pediatric malignant solid tumors.

Circular RNAs (circRNAs) are a class of non-coding RNAs (ncRNAs) formed by the 3 and 5′ ends
of mRNAs, which are mainly generated from introns or exons by reverse splicing or lassoing introns
(Ebbesen et al., 2017; Huang and Zhu, 2021). Previously, circRNAs were considered as error products
in post-transcriptional processing with no important regulatory role in biological processes. However,
with the development of sequencing technology, researchers have found that circRNAs are widely
distributed in eukaryotic cells and can be stably expressed, playing an important role in the regulation
of gene expression in human cells (Qu et al., 2017; Han et al., 2021). An increasing number of studies
have shown that circRNAs have important physiopathological functions and are involved in the
regulation of cell proliferation, differentiation, and apoptosis, as well as in the development of various
diseases including tumors (Altesha et al., 2019; Li Y. et al., 2020; Wu et al., 2020; Xu et al., 2020;
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Choudhary et al., 2021; Tian et al., 2021; Zhang et al., 2021). For
example, circPRKAR1B regulates FZD4 expression by binding
miR-361-3p, promoting the proliferation and migration of
osteosarcoma cells as well as tumor susceptibility to
chemotherapy resistance (Feng Z.-h. et al., 2021). Circ_0004296
downregulates ETS1 expression by promoting retention of EIF4A3
in the nucleus and inhibiting the nuclear export of ETS1 mRNA,
which in turn keeps PCa from malignant growth and metastasis
(Mao S. et al., 2021). CircGSK3B directly binds to EZH2 and
inhibits the binding of EZH2 and H3K27me3 to the RORA
promoter, leading to elevated RORA expression and inhibiting
tumor progression by suppressing the growth, invasion, and
metastasis of gastric cancer cells (Ma X. et al., 2021).

Recently, circRNAs have been found to have important
biological roles in childhood malignant solid tumors, hence the
potential to become tumor markers and therapeutic targets. This
paper reviews the formation and biological functions of circRNAs,
as well as the research on circRNAs in childhood malignant solid
tumors to provide new perspectives for the clinical diagnosis and
treatment of childhood malignant solid tumors.

OVERVIEW AND BIOLOGICAL
PROPERTIES OF CIRCULAR RNA

CircRNAs are formed by splicing of precursor mRNAs (pre-
mRNAs) and are mostly endogenous. They have no 3′ tail or 5′

cap end and are covalently closed loops (Qu et al., 2015; Meng
et al., 2017) formed by lasso-driven cyclization, direct reverse
splicing, or exon skipping, or they can be cyclized by intron
pairing (Wang et al., 2021e; Xiao et al., 2021). In addition,
circRNAs can also be formed by RNA binding proteins
(RBPs)-mediated cyclization joining the downstream 5′ end
donor site to the upstream 3′ end acceptor site to form a
single-stranded covalent closed-loop that joins the remaining
sequence after removal of the intron (Ali et al., 2021; Wang
et al., 2021d). Thus, the formation of circRNAs requires the mini-
intron at the splice site and the short-chain reverse repeat.
Depending on the formation mechanism, circRNAs are
classified into three main types, exonic circRNAs (EcircRNAs),
intronic circRNAs (ciRNAs), and exon-intron circRNAs
(EIciRNAs) (Lyu and Huang, 2017; Meng et al., 2017), of
which, EcircRNAs are the most abundant and located in the
cytoplasm of eukaryotes (Figure 1).

CircRNAs are diverse with more than 25,000 circRNAs
detected in human fibroblasts by high-throughput sequencing,
and in some cases, circRNA expression even exceeds that of their
corresponding linear mRNAs by more than 10-fold (Shen et al.,
2021; van Zonneveld et al., 2021). In contrast to mRNAs,
circRNAs exist in a covalent closed-loop structure with no cap
and tail structure. This unique structure makes circRNAs highly
stable and resistant to hydrolysis by RNA exonucleases (Li H. M.
et al., 2019), as well as consistently and stably expressed in cells
(Wu et al., 2020; Shen et al., 2021). CircRNAs sequences are

FIGURE 1 | CircRNAs are a covalently closed loops formed by splicing of precursor mRNA (pre-mRNAs). There are three forms of circRNAs:lasso-driven
cyclization, intron pairing cyclization and RNA binding proteins (RBPs) mediated cyclization. CircRNAs are classified into three main types, exonic circRNAs, intronic
circRNAs, and exon-intron circRNAs. (A) CircRNAs can regulate the expression of related genes in cells; (B) CircRNAs as miRNA sponge can adsorb related miRNAs;
(C) The functions of circRNA in interacting with proteins; (D) Several circRNAs have also been reported to encode proteins; (E) CircRNAs in exosomes or
microvesicles can be used as specific biomarkers; (F) CircRNAs can be degraded via m6A-mediated decay.
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evolutionarily conserved not only in mammals but also in the
more evolutionarily distant Drosophila (Zhao B. et al., 2021; Mao
X. et al., 2021). In addition, the expression of the same circRNA
can vary greatly over time or in different tissues, as well as in
diseased and non-diseased tissues (He A. T. et al., 2021; Verduci
et al., 2021). Therefore, circRNAs have the potential to become
good diagnostic markers for diseases and therapeutic targets.

Biological Functions of circRNA
CircRNAs are involved in a variety of biological processes by
acting as competing endogenous RNAs (ceRNAs), binding RBPs,
regulating parental gene expression, and translating proteins or
polypeptides.

ACTS AS A COMPETITIVE
ENDOGENOUS RNA

CircRNA contains a miRNA response element (MER), which can
act as ceRNA to affect gene expression by competitively binding
miRNA sites and inhibiting the regulatory effect of miRNA on
downstream genes (Cheng et al., 2019; Hong et al., 2020; Luo
et al., 2020; Su and Lv, 2020; Wang et al., 2021c). For example,
Circ-CD44 is highly expressed in triple-negative breast cancer
(TNBC), and high expression of circ-CD44 predicts poor patient
prognosis. Circ-CD44 promotes KRAS expression through
adsorption of miR-502-5p, thereby promoting TNBC
proliferation, migration, and invasion. Circ-SNX6 acts as a
molecular “sponge” to attenuate the inhibitory effect of miR-
1184 on its target gene GPCPD1, thereby increasing intracellular
lysophosphatidic acid levels, ultimately promoting resistance to
sunitinib in renal cell carcinoma cells (Huang et al., 2021).

Binding RNA Binding Protein (RBP)
CircRNAs can bind directly to RBPs to form RNA-protein
complexes to regulate RBPs and further affect the expression
and biology of downstream proteins (Huang et al., 2020; Feng
J. et al., 2021; Chen J. et al., 2021; Xu et al., 2021). Muscleblind-like
(MBL) binds to exon 2 of its parental gene and induces cyclization
to form circMbl, which also binds to MBL to reduce MBL
abundance, thereby reducing circMbl production (Ashwal-
Fluss et al., 2014). Circ-hHBB3 binds HuR and degrades HuR,
whereas Circ-TNPO3 competitively binds IGF2BP3 and inhibits
the proliferation andmetastasis of gastric cancer by regulating the
MYC-SNAIL axis, which leads to malignant progression of GC
(Yu et al., 2021). Circ-ACTN4 binds YBX1 and stimulates FZD7
transcription, which in turn promotes intrahepatic
cholangiocarcinoma (ICC) proliferation and metastasis, leading
to malignant tumor growth and metastasis (Chen et al., 2021c).

Regulation of Parental Gene Expression
Some circRNAs also regulate the transcription of parental genes.
Although most circRNAs are located in the cytoplasm, some
circRNAs such as ElciRNA are in the nucleus of eukaryotic cells
and play an important role at the transcriptional level
(Humphreys et al., 2019; Ma N. et al., 2021; Greene et al.,
2021). ElciRNA in the nucleus can interact with the U1 small

nuclear ribonucleoprotein particle (snRNP) to contribute to the
transcription of its parental genes (Song et al., 2016; Nan et al.,
2019)and with the RNA-RNA of U1snRNA to enhance the cis
expression of parental genes (Humphreys et al., 2019; Chu et al.,
2021). In addition, a fraction of ElciRNAs accumulates in regions
outside the nuclear transcription site, suggesting that this fraction
may regulate transcription by acting in a trans manner (Ma
J. et al., 2021). Introns derived from the Tulp4 gene can be
cyclized to form circTulp4, which can interact with U1 snRNP
and RNA polymerase II to regulate the transcription of its
parental gene, Tulp4, thus participate in the development of
Alzheimer’s disease (AD) (Ma N. et al., 2021). In summary,
circRNAs can regulate parental gene expression through
transcriptional regulation, splicing regulation, ceRNA, mRNA
trap, translational regulation, and post-translational regulation
pathways to regulate parental gene expression (Shao T. et al.,
2021).

Translation of Proteins or Peptides
Most circRNAs generated by reverse splicing are found mainly in
the cytoplasm, and translation of linear mRNAs usually requires
the structure of a 5′ end cap and a 3′ end poly(A) tail to remain
stable. CircRNAs are not normally considered to have a
translational function (Marquez-Molins et al., 2021; Yan and
Bu, 2021) but they can initiate translation in the cell if they have
an internal ribosome entry site (IRES) (He L. et al., 2021; Wang
et al., 2021b; Sinha et al., 2021). This approach provides more
polypeptide sequences and increases the polypeptide yield
because the ribosome does not need to bind to RNA template
repeats (Li P. et al., 2021). The cyclic RNA hsa-circ-0000437 can
encode a functional peptide called CORO1C-47aa, and
overexpression of CORO1C-47aa inhibits endothelial cell
proliferation, migration, and differentiation by competing with
the transcription factor TACC3 to bind ARNT and inhibit VEGF,
which in turn leads to malignant progression of endometrial
cancer (Li F. et al., 2021). Circ-RNA circ-FBXW7 encodes the
FBXW7-185aa protein that inhibits the proliferation and
migratory capacity of TNBC cells by increasing the abundance
of FBXW7 and inducing c-Myc degradation (Ye et al., 2019).
Circ-FNDC3B encodes a novel protein circFNDC3B-218aa and
circFNDC3B-218aa significantly inhibits the proliferation,
invasion, and migration of CC by suppressing the expression
of Snail and promoting the expression of FBP1 (Pan et al., 2020).
The translation of circRNAs and their regulatory role in tumor
tissues are likely to provide new ideas for the study of circRNAs.

M6A Methylation Modification Affects the
Translation Ability and Nuclear Localization
of circRNAs
M6Amethylationmodification is the most commonmodification
method in eukaryotic RNA, and it mainly affects mRNA splicing,
nucleation and translation. Recent studies show that modification
of m6A can affect the nuclear localization of circRNA, and
circRNA can also bind to the corresponding regulatory protein
of m6A to affect its stability. Internal ribosome entry site (IRES)
can promote the initiation of circRNA translation, and circRNA
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TABLE 1 | Functional characterization of circular RNAs in pediatric malignant soild tumor.

Circular RNAs Expression Role Function role miRNAs Related genes References

Hepatoblastoma

hsa_circ_0000594 Upregulated Oncogene Promote cell proliferation, invasion, and suppress cell
apoptosis

miR-217 SIRT1 Song et al.
(2019)

circ-STAT3 Upregulated Oncogene Promote cell growth, migration and stem-cell
characteristics

miR-29a/b/
c-3p

GLI2 Liu et al. (2020)

circ-HMGCS1 Upregulated Oncogene Promote cell proliferation and inhibit cell apoptosis miR-503-5p IGF-PI3K-Akt Zhen et al.
(2019)

Neuroblastoma

circ-CUX1 Upregulated Oncogene Promote aerobic glycolysis, growth, and aggressiveness - EWSR1/MAZ Li et al. (2019a)
hsa_circ_0132,817 Upregulated Oncogene Promote cell proliferation, migration, invasion and

glycolysis
miR-432-5p NOL4L Fang et al.

(2021)
circ-DGKB Upregulated Oncogene Promote the proliferation, migration, invasion, and

tumorigenesis
miR-873 GLI1 Yang et al.

(2020)
circ-CUX1 Upregulated Oncogene Promote tumor progression and glycolysis miR-338-3p PHF20 Wang et al.

(2021f)
circ-KIF2A Upregulated Oncogene Promote cell proliferation, migration, invasion and

glycolysis
miR-129-5p PLK4 Yang et al.

(2021)
Circ-CUX1 Upregulated Oncogene Promote cell proliferation, migration, invasion and

glycolysis
miR-16-5p DMRT2 Zhang et al.

(2020)

Wilms tumors

hsa_circ_0093740 Upregulated Oncogene Promote the growth, migration and metastasis miR-
136/145

DNMT3A Cao et al. (2021)

circ-CDYL Upregulated Oncogene Promote cell proliferation, migration, and invasion miR-145-5p TJP1 Zhou et al.
(2021b)

Rhabdomyosarcoma

circ-ZNF609 Upregulated Oncogene Promote cell cycle - p-AKT and
pRb/Rb

Rossi et al.
(2019)

circVAMP3 Upregulated Oncogene Promote cell cycle progression - AKT-related
pathways

Rossi et al.
(2021)

Lymphoma

circ-LAMP1 Upregulated Oncogene Promote cell proliferation and inhibit cell apoptosis miR-615-5p DDR2 Deng et al.
(2019)

circ-APC Downregulated Tumor
suppressor

Inhibit cell proliferation and tumor growth miR-888 APC and Wnt/β-
catenin

Hu et al. (2019)

circ-CDYL Upregulated Oncogene Promote cell proliferation miR-129-5p NOTCH1 Mei et al. (2019)
miR-3163 FMR1
miR-
4662a-5p

ABCB1

miR-101-3p TWIST1
miR-186-5p VEGFA

circ-CFL1 Upregulated Oncogene Promote cell proliferation, migration and tumor growth miR-107 HMGB1 Chen et al.
(2020)

circ-OTUD7A Upregulated Oncogene Promote cell proliferation, metastasis, inhibit cell cycle
arrest and apoptosis

miR-431-5p FOXP1 Liu et al. (2021b)

circ-NSUN2 Upregulated Oncogene Promote cell proliferation and invasion - HMGA1/Wnt
signaling

Wang et al.
(2021a)

Medulloblastoma

circ-SKA3 Upregulated Oncogene Promote cell proliferation, migration, invasion and induced
apoptosis and cell cycle arrest

miR-326 ID3 Zhao et al.
(2021b)

circ-SKA3 and
circ-DTL

Upregulated Oncogene Promote cell proliferation, migration, and invasion - SKA3 and DTL Lv et al. (2018)

circ-SKA3 Upregulated Oncogene Promote cell proliferation, migration, invasion tumor
growth and inhibit cell apoptosis

miR-383-5p FOXM1 Wang et al.
(2020)

Adrenocortical Carcinoma

circ-CCAC1 Upregulated Oncogene Promote cell proliferation, migration, and invasion miR-
514a-5p

C22orf46 Li et al. (2020a)
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with single or multiple sites of m6 Amodification can also initiate
translation through IRES, which indicates that the presence of m6
Amodification may affect the process of circRNA translation (He
and He, 2021). CircZNF609 contains an open reading frame,
which can translate a segment of mRNA sequence into amino
acids, and regulate the translation process by recognizing m6A
methylation modification proteins such as YTHD (Legnini et al.,
2017). CircNSUN2 can interact with the m6A reading protein
YTHDC1 to promote its own export from the nucleus to the
cytoplasm in an m6A-dependent manner, and promote nuclear
localization. Besides, circNSUN2 can interact with IGF2BP2 and
high mobility group protein A2 (HMGA2) combined to form
RNA-protein ternary complex circNSUN2/IGF2BP2/HMGA2 in
the cytoplasm, enhancing the stability of HMGA2 (Li B. et al.,
2021).

ROLES AND SIGNIFICANCE OF CIRCRNAS
IN PEDIATRIC MALIGNANT SOLID
TUMORS
Many circRNAs are aberrantly expressed in pediatric malignant
solid tumors and regulate tumor development.(Table 1).The
stability and tissue specificity of circRNAs suggest that they
are potential novel biomarkers for the diagnosis and
therapeutic targets of pediatric malignant solid tumors.

Hepatoblastoma
Hepatoblastoma (HB) is an embryonal malignancy originating in
the liver and is the most common malignant solid tumor of the
liver in childhood (Kalish et al., 2017; Munoz et al., 2019; Hager
and Sergi, 2021). The incidence of HB has been on the rise in
recent years, with a yearly increase of about 4%, and its growth
rate far exceeds that of other childhood malignancies, making it
one of the major malignancies endangering pediatric health
(Calvisi and Solinas, 2020; Prochownik, 2021). Surgery and
chemotherapy are the main clinical treatments for HB, with a
3-year survival rate of 72.73% and a 5-year survival rate of 50.0%
(Lake et al., 2019; Yang et al., 2019). Currently, the pathogenesis
of HB is not clear and may be associated with multiple adverse
factors such as genetic factors, immune response, low birth
weight, and chromosomal abnormalities (Cristobal et al., 2019;
Chen H. et al., 2021).

Circ-STAT3 (hsa_circ_0043800) is upregulated in HB tissues
and cells, and inhibition of circ-STAT3 significantly inhibits
HB cell growth, migration, and stemness. Circ-STAT3 can act
as ceRNA by binding miR-29a/b/c-3p to upregulate Gli2 and
STAT3, while Gli2 can activate the transcription of circ_0043800.
In vivo experiments showed that circ_0043800 promoted HB
tumor growth by upregulating Gli2 and STAT3 (Liu et al., 2020).
Circ-HMGCS1 expression was significantly increased in HB
tissues, and HB patients with high expression of circ-
HMGCS1 had reduced overall survival. In vitro experiments
confirmed that knockdown of circ-HMGCS1 inhibited HB cell
proliferation and induced apoptosis. Mechanistic studies revealed
that circ-HMGCS1 regulates IGF2 and IGF1R expression by
binding to miR-503-5p and affects the downstream PI3K-Akt

signaling pathway to regulate HB cell proliferation and glutamine
catabolism (Zhen et al., 2019). Hsa_circ_0000594 expression
levels were significantly upregulated in HB tissues and
correlated significantly with HB subtypes. Inhibition of
hsa_circ_0000594 significantly suppressed the malignant
phenotype of HB and bioinformatics analysis indicated that
hsa_circ_0000594 may regulate SIRT1 expression by binding
miR-217 (Song et al., 2019).

Neuroblastoma
Neuroblastoma (NB) originates from primitive sympathetic
ganglion cells (Fetahu and Taschner-Mandl, 2021) and is a
common extracranial solid tumor that occurs almost
exclusively in children. It is the third most common tumor in
children after leukemia and brain tumors (Zafar et al., 2021).
Thirty percent of NB tumors occur in the adrenal medulla, about
60% in the abdominal paravertebral ganglia, and the rest in the
sympathetic ganglia of the chest, head, neck, and pelvis (Rozen
and Shohet, 2021). Currently, many new targeted therapies and
immunotherapies have emerged in addition to conventional
radiotherapy for NB (Blavier et al., 2020; Bhoopathi et al.,
2021; Stainczyk and Westermann, 2021). NB is heterogeneous,
and approximately 85–90% of children with low- and
intermediate-risk NB can be cured, while the survival rate of
children with high-risk NB is less than 50% (Aravindan et al.,
2020; Quinn et al., 2021). Children with high-risk NB remain
refractory to cure after multiple intensive treatments, and more
than 50% of children relapse, with a 5-year survival rate of
approximately 40–50% (Brignole et al., 2021). Therefore, it is
important to investigate the molecular mechanisms underlying
the development of NB.

Circ-CUX1 binds to EWSR1 and promotes interaction with
MAZ, leading to transactivation of MAZ and transcriptional
alterations of CUX1 and other genes associated with tumor
progression. The use of inhibitory peptides that block circ-
CUX1-EWSR1 interaction or LV-sh-circ-CUX1 significantly
inhibited aerobic glycolysis, growth, and invasiveness of
NB cells, suggesting that the circ-CUX1/EWSR1/MAZ axis is a
therapeutic target for aerobic glycolysis and NB progression (Li
H. et al., 2019). CircRNA hsa_circ_0132817 expression was
significantly increased in NB tissues and cell lines, and
knockdown of hsa_circ_0132817 inhibited tumor growth in
vivo. Mechanistic studies suggest that hsa_circ_0132817 can
promote tumorigenesis in NB cells by upregulating NOL4L
and acting as a sponge for miR-432-5p (Fang et al., 2021).
Circ-DGKB (hsa_circ_0133,622) expression was upregulated in
NB tissues compared to normal dorsal root ganglia and negatively
correlated with survival in NB patients. Circ-DGKB
overexpression promoted NB cell proliferation, migration,
invasion, and tumorigenesis and reduced apoptosis, promoting
NB progression by targeting the miR-873/GLI1 axis in vitro and
in vivo (Yang et al., 2020). Circ-CUX1 and PHF20 are
upregulated in NB tissues and cells, while miR-338-3p
expression is significantly decreased. Mechanistic studies
revealed that circ-CUX1 promotes PHF20 expression, thus
NB cell progression and glycolysis by binding to miR-338-3p
(Wang Y. et al., 2021). Circ-KIF2A levels were increased in NB
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tissue samples and cell lines, and inhibition of circ-KIF2A
significantly inhibited NB cell proliferation, migration,
invasion, and glycolysis. Mechanistic analysis showed that circ-
KIF2A could positively regulate PLK4 expression through the
sponge miR-129-5p (Yang et al., 2021). Circ-CUX1 promotes
NB cell proliferation, migration, invasion, and glycolysis. MiR-
16-5p is a direct target of circ-CUX1 and miR-16-5p
overexpression-mediated effects in NB cells can be partially
alleviated by introducing circ-CUX1 overexpression plasmids.
Another study showed that circ-CUX1 accelerates the
proliferation, migration, invasion, and glycolysis of NB cells by
targeting the miR-16-5p/DMRT2 signaling cascade (Zhang et al.,
2020).

Wilms Tumors
Wilms tumor (WT) is the most common primary malignancy of
the kidney in children, accounting for 90% of all renal
malignancies (Hohenstein et al., 2015). The etiology of WT is
unclear and may be related to mutations in genes that regulate
normal embryonic development of the urogenital tract (Stock
et al., 2002; Fukuzawa and Reeve, 2007). Most patients have a
palpable abdominal mass as the first symptom, and some patients
may present with symptoms of hematuria, fever, urinary tract
infection, varicocele, and anemia (Zhang et al., 2014). Currently,
WT is treated with a multidisciplinary combination of surgical,
chemotherapy, radiotherapy, and targeted therapy, with an
overall cure rate of approximately 90% (Anvar et al., 2019;
Palmisani et al., 2021; Pelosi et al., 2021).

The expression of circ-CDYL is significantly downregulated in
WT tissues compared to adjacent non-tumor tissues and
upregulation of circ-CDYL inhibited cell proliferation, migration,
and invasion. Circ-CDYL acts as a miRNA sponge reducing the
expression ofmiR-145-5p and further upregulating TJP1 expression
(Zhou R. et al., 2021). Cao et al. found that hsa_circ_0093740
expression was significantly increased in WT and inhibition of
hsa_circ_0093740 significantly suppressed the proliferation and
migration of WT by high-throughput microarray sequencing.
Mechanistic studies revealed that the hsa_circ_0093740-miR-136/
145-DNMT3A axis plays an important regulatory role in WT
growth and metastasis (Cao et al., 2021).

Rhabdomyosarcoma
Rhabdomyosarcoma (RMS) is a malignant tumor arising from
embryonic mesenchymal tissue, accounting for 15% of solid
tumors and 50% of soft tissue sarcomas in children (Arndt
et al., 2018; Skapek et al., 2019). The diversity of clinical
manifestations, the multiplicity of pathological changes, and
the different sites of onset make RMS one of the most
complex pediatric tumors (Ramadan et al., 2020; Zoroddu
et al., 2021). Surgical resection, chemotherapy, and
radiotherapy are the main treatments for RMS (van Erp et al.,
2018; Frankart et al., 2021). With the continuous improvement of
chemotherapy regimens, the survival rate of RMS patients has
increased to 70–80% (Pappo and Dirksen, 2018; Mohammad
et al., 2020). Despite aggressive treatment, the 5-year survival rate
for patients with metastatic RMS is still only 30% (Kashi et al.,
2015; Pal et al., 2019), therefore, there is a need to find new

diagnostic treatments and therapies for RMS to improve the
survival rate of RMS patients.

Rossi et al. found that circ-ZNF609 expression was
significantly upregulated in biopsies of embryonic RMS
(ERMS) and alveolar RMS (ARMS). Knockdown of circ-
ZNF609 in ERMS cell lines inhibited the cell cycle and led to
a strong reduction in p-Akt protein levels and altered pRb/Rb
ratios. In contrast, the knockdown of circ-ZNF609 had no
significant effect on ARMS-derived cells but the exact reason
for this is unclear (Rossi et al., 2019). Circ-VAMP3 expression is
significantly increased in ARMS cells, and knockdown of
circVAMP3 regulates the CCNB1/CDK1 complex, which
controls the G2/M checkpoint by promoting the expression of
CDKN1A and WEE1, thus the AKK1 and CDK1 complexes, as
well as downregulation of Akt and ERK1, thereby inhibiting the
cell cycle (Rossi et al., 2021).

Lymphoma
Lymphoma is a highly heterogeneous disease (Liu M. K. et al.,
2021) with increasing morbidity and mortality rates worldwide
and is currently treated mainly with conventional radiotherapy
(Leslie, 2021). Although the use of rituximab has led to significant
improvements in long-term survival in some lymphoma patients,
the treatment of relapsed refractory lymphoma remains a
challenge (Shao L. et al., 2021; Takiar and Phillips, 2021).

We examined the differentially expressed circRNAs in normal
infant thymus and T-cell lymphoblastic lymphoma (T-LBL) and
found that circ-LAMP1 was significantly increased in T-LBL.
Mechanistic studies revealed that circ-LAMP1 promotes cell
proliferation and inhibits apoptosis through the miR-615-5p/
DDR2 signaling axis, which in turn leads to malignant
progression of T-LBL (Deng et al., 2019). Circ-NSUN2 is
aberrantly highly expressed in malignant lymphoma tissues
and cell lines, and circ-NSUN2 inhibition reduces the
proliferation and invasion of lymphoma cells. Mechanistic
studies have demonstrated that circ-NSUN2 can promote
lymphoma progression by affecting Wnt pathways through
the regulation of HMGA1 (Wang et al., 2021a). The
expression of circ-APC (hsa_circ_0127621) is decreased in
diffuse large B-cell lymphoma (DLBCL) tissues, cell lines, and
plasma by microarray assays. Etopic expression of circ-APC
inhibited cell proliferation in vitro and tumor growth in vivo.
Mechanistic studies revealed that circ-APC acts as a sponge for
miR-888 in the cytoplasm to upregulate APC, whereas, in the
nucleus, circ-APC binds to the APC promoter and recruits the
DNA demethylase TET1, which transcriptionally upregulates
APC, thereby inhibiting the typical Wnt/β-catenin signaling
pathway by reducing the accumulation of β-catenin in the
nucleus and the catenin signaling pathway by reducing the
accumulation of β-catenin in the nucleus, retarding the
growth of DLBCL (Hu et al., 2019). In DLBCL, circ-CFL1
directly binds to miR-107 reducing the inhibitory effect on the
target gene HMGB1, which promotes enhanced cell migration
and proliferation as well as tumor growth (Chen et al., 2020).
Circ-OTUD7A is highly expressed in DLBCL, and knockdown of
circ-OTUD7A inhibits DLBCL cell proliferation and metastasis,
promoting cell cycle arrest and apoptosis. Mechanistic
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experiments showed that circ_OTUD7A uptakes miR-431-5p to
promote FOXP1 expression (Liu W. et al., 2021). Circ-NSUN2 is
aberrantly highly expressed in malignant lymphoma tissues and
cell lines, and circ-NSUN2 inhibition can reduce lymphoma
proliferation and invasion. Mechanistic results suggest that
circ-NSUN2, regulated by the transcription factor NRF1, can

promote lymphoma progression by stabilizing the HMGA1-
activated Wnt pathway (Wang et al., 2021a).

Medulloblastoma
Medulloblastoma (MB) is a highly malignant neuroepithelial
tumor of the central nervous system and is a common solid

TABLE 2 | The potential of circRNAs in the diagnosis and prognosis of pediatric malignant soild tumor.

Study Sample
size

circRNAs Expression Source Expression
(p

value)

Diagnostic
value
AUC

Sample
size

Prognostic
value
OS (p
value)

References

Hepatoblastoma
Zhen et al (Normal:

Tumor)
circ-
HMGCS1

Up Tissues p < 0.001 0.8283 Tumor (n � 33) p � 0.0497 Zhen et al. (2019)

(37:37)
Neuroblastoma
Yang et al (Normal:

Tumor)
circ-DGKB Up Blood p < 0.05 0.7778 Tumor (n � 33) p � 0.0324 Yang et al. (2020)

(10:30)
Zhang et al (Normal:

Tumor)
circ-CUX1 Up Tissues p < 0.05 - Tumor (n � 50) p � 0.0120 Zhang et al. (2020)

(50:50)
Lymphoma
Mei et al (Normal:

Tumor)
circ-CDYL Up Tissues p < 0.001 0.856 Tumor (n � 18) p � 0.595 Mei et al. (2019)

(17:18)
Adrenocortical Carcinoma
Li et al (Normal:

Tumor)
circ-CCAC1 Up Tissues p < 0.01 - Tumor (n � 48) p � 0.006 Li et al. (2020a)

(48:48)

FIGURE 2 | The relationships of circRNAs with pediatric malignant solid tumors (A) Signal pathways related to cell proliferation and differentiation; (B) Signaling
pathways related to cell cycle regulation; (C) Signaling pathways related to apoptosis; (D) Signal pathways related to tumor cell invasion and metastasis; (E) Signaling
pathways related to intracellular oxidative metabolism.
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tumor in children (Li M. et al., 2021; Wen and Hadden, 2021),
particularly those under 10 years of age (Hammoud et al., 2020;
Danilenko et al., 2021). MB is difficult to treat because of its rapid
growth, incomplete surgical excision, and tendency to
disseminate with the cerebrospinal fluid (Caimano et al.,
2021). The current 5-year survival rate for MB treated with a
combination of surgery, radiotherapy, and chemotherapy is 65%.
With the improvement of treatment efficacy and prolongation of
survival, the toxicities associated with treatment have received
increasing attention (Audi et al., 2021), therefore, it is important
to search for potential diagnostic markers and therapeutic targets
for MB.

Circ-SKA3 expression is elevated in MB tissues and cells, and
inhibition of circ-SKA3 significantly inhibits MB cell
proliferation, migration, and invasion, inducing apoptosis
and cell cycle arrest and circ-SKA3 knockdown inhibits MB
growth in vivo. Mechanistic analysis suggests that circ-SKA3
directly targets miR-326 to increase ID3 expression (Zhao X.
et al., 2021). Differential expression profiles of circRNAs in four
normal cerebellum and 4 MB samples using a HiSeq sequencer
showed that thirty-three circRNAs were differentially expressed
in MB tissue, of which three were upregulated and thirty were
downregulated. Upregulated circ-SKA3 and circ-DTL
promoted proliferation, migration, and invasion in vitro by
regulating the expression of host genes as verified by in vitro
cellular assays, demonstrating that circ-SKA3 and circ-DTL are
critical in tumorigenesis and the development of MB (Lv et al.,
2018). CircSKA3 and FOXM1 expression levels in MB tissues
were significantly elevated, while miR-383-5p expression levels
were significantly decreased. CircSKA3 was shown to uptake
miR-383-5p and promote the expression of FOXM1. In vitro
cellular assays confirmed that circSKA3 silencing significantly
inhibited cell proliferation, migration, and invasion, promoting
MB cell apoptosis (Wang et al., 2020).

Adrenocortical Carcinoma
Adrenocortical adenocarcinoma (ACC) is a malignant endocrine
tumor (Georgantzoglou et al., 2021; Kiesewetter et al., 2021) that
typically occurs between 0–10 years and 40–50 years, with a
higher incidence in children and women (Domenech et al.,
2021). Approximately 60–70% of ACC patients exhibit clinical
symptoms due to hormonal excess but many patients still have
non-significant clinical symptoms (Fay et al., 2014). Common
endocrine symptoms include cortisolism, masculinization, or
gynecomastia (Ettaieb et al., 2020). The prognosis of ACC is
poor, and tumor grade, stage, and hypercortisolism are associated
with prognosis (Libe, 2015). Surgical resection is the treatment of
choice but postoperative tumor recurrence rates are high and
overall survival rates are low (Bedrose et al., 2020), therefore, it is
important to identify good early diagnostic markers and
therapeutic targets for ACC. Li et al. found that circ-CCAC1
was overexpressed in ACC tissue samples and cell lines and was
associated with a poor prognosis. Functional assays showed that
circ-CCAC1 enhances C22orf46 expression through uptake of
miR-514a-5p promoting ACC progression (Li W. et al., 2020)
(Table2).

CircRNAs as Biomarkers of Pediatric
Malignant Solid Tumors
Many circRNAs that are highly expressed in blood have relatively
low expression of their corresponding linear RNAs (Rahmati
et al., 2021; Xiao et al., 2021). The unique functions and properties
of circRNAs make them of great clinical potential in life sciences
and medicine (Gu et al., 2021; Yi et al., 2021). Recently, many
studies have explored the value of circRNAs for clinical
application in pediatric malignant solid tumors, suggesting
that some circRNAs have great clinical potential in early
tumor diagnosis, treatment, and prognosis. (Figure 2).

Zheng et al. analyzed the association between circ-HMGCS1
expression levels and clinical features of HB finding a significant
correlation between circ-HMGCS1 and AFP. The subject operating
characteristic (ROC) curve was applied to investigate the diagnostic
value of circ-HMGCS1 in distinguishing HB tissue from normative
tissue showing that circ-HMGCS1 had diagnostic value (Area
Under Curve (AUC) � 0.8283), with high expression of circ-
HMGCS1 predicting poor prognosis in HB patients by Kaplan-
Meier survival curve analysis (Zhen et al., 2019). The expression of
circ-DGKB in blood was found to be of clinical importance in the
diagnosis of NB by ROC analysis (AUC � 0.7778), with Kaplan-
Meier analysis showing that patients with high levels of circ-DGKB
expression had a lower survival rate (Yang et al., 2020). Zhang et al.
divided NB patients into high and low circ-CUX1 expression
groups according to the median value of circ-CUX1 expression
for survival analysis revealing that high expression of circ-CUX1 in
NB patients was associated with shorter survival times. In addition,
high expression of circ-CUX1 was associated with advanced TNM
stage, low differentiation grade, and positive lymph node
metastasis in NB patients (Zhang et al., 2020). Mei and others
reported that the plasma expression of circ-CDYL was significantly
different between MCL patients and healthy controls (AUC �
0.856), with no statistically significant difference between circ-
CDYL expression levels and prognosis of MCL patients (Mei et al.,
2019). Li et al. found that high expression of circ-CCAC1 predicted
poorer overall survival in ACC patients (Li W. et al., 2020).

CONCLUSION AND FUTURE
PERSPECTIVES

At present, there are few circRNAs studies in pediatric malignant
solid tumors with variable results. However, all studies have
shown that the expression of multiple circRNAs is
dysregulated in pediatric malignant solid tumors, and some of
the circRNAs target binding miRNAs that are involved in
tumorigenesis and progression. The current exploration of
tissue-specific circRNAs and studies of circRNAs-miRNAs-
mRNAs networks have revealed the association of circRNAs
with childhood malignant solid tumors. In addition, cellular
and animal experiments have confirmed that for certain
circRNAs that promote tumor growth, reducing their levels by
targeted knockdown or RNA interference can inhibit further
tumor growth and metastasis, suggesting that circRNAs are novel
therapeutic approaches and drug targets for malignant tumors.
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However, the main mechanism currently revolves around
circRNA as ceRNA to regulate the function of tumor cells.
Whether circRNA may affect the occurrence and progression
of childhood solid tumors through other mechanisms The
regulation is still unclear, and this needs to be further
explored. In addition, most of the discoveries of circRNAs
were not screened by next-generation sequencing technology,
but were studied by referring to other articles, which lacked
novelty. More importantly, only through high-throughput
sequencing technology, the establishment of circRNAs
expression profiles in childhood solid tumors is conducive to
in-depth exploration of possible mechanisms.

Currently, the detection of circRNAs in tumors is mainly
focused on tissue samples, which are more invasive and not
suitable for early clinical tumor diagnosis (Zhou Q. et al., 2021; Lu
et al., 2021; Shen et al., 2021) compared to other clinical samples
such as serum, urine, and body fluids. CircRNAs are potential
novel tumor biomarkers due to their high stability, conservatism,
prevalence, tissue, and disease specificity (Ali et al., 2021; Tian
et al., 2021; Vakhshiteh et al., 2021). Furthermore, the detection of
free circRNAs in tumor tissues and the circulation of pediatric
patients with malignant solid tumors is of great significance and
value in terms of diagnostic accuracy, clinical staging, differential
diagnosis, prognosis, and evaluation of treatment response. The
identification of tumor biomarkers with high specificity and
sensitivity among candidate circRNAs may improve the
diagnostic accuracy and specificity of malignant solid tumors
in children by combining them with other biomarkers or imaging
examinations. In addition, it may also reduce the need for
invasive procedures while helping to address the low organ
specificity of existing tumor markers. At present, there are few
studies on the clinical application of circRNAs in children with
malignant solid tumors, and the sample size of included articles is
also small, and there is a lack of multi-center studies. These are all
problems that need to be solved urgently.

Moreover, the application of circRNAs as biomarkers for the
diagnosis of malignant solid tumors in children is challenging.

Although circRNAs are a promising biomarker due to their high
organ-tissue specificity, current studies have not demonstrated
that the sensitivity of candidate circRNAs is superior to that of
known classical serum biomarkers. Compared to tissue biopsies,
liquid biopsies have the advantages of non-invasiveness and
reproducibility, however, circRNAs are low in body fluids,
clinical data from peripheral blood studies are limited, and
most circRNAs have not been shown to have excellent
prognostic or diagnostic significance in large samples. Further
studies should be conducted to evaluate the expression of
circRNAs in serum and disease-related body fluids and there
should be a consensus regarding sample handling, detection
methods, and threshold values to enable the development of
circRNAs as clinical diagnostic biomarkers. In addition, co-
detection of tumors may lead to higher sensitivity and
accuracy of diagnostic results.

In summary, although much is now known about the
formation of circRNAs and their biological role and clinical
application in childhood malignant solid tumors, the use of
circRNAs for the treatment of pediatric malignant solid
tumors requires further investigation. In addition, since many
reviews on circRNAs in osteosarcoma have been published,
osteosarcoma-related circRNAs were not included in the
present review.
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Establishment of m7G-related
gene pair signature to predict
overall survival in colorectal
cancer

Kai Li1 and Weixing Wang2*
1Department of Gastrointestinal Surgery Ⅱ, Renmin Hospital of Wuhan University, Wuhan, China,
2Department of General Surgery, Renmin Hospital of Wuhan University, Wuhan, China

Background: N7-methylguanosine (m7G) is an emerging research hotspot in

the field of RNA methylation, and its role in tumor regulation is becoming

increasingly recognized. However, its role in colorectal cancer (CRC) remains

unclear. Hence, our study explored the role of m7G in CRC.

Methods: The mRNA expression data and the corresponding clinical

information of the patients with CRC were obtained from The Cancer

Genome Atlas (TCGA). A m7G-related gene pair signature was established

using the Cox and LASSO regression analyses. A series of in silico analyses

based on the signature included analysis of prognosis, correlation analysis,

immune-related analysis, and estimation of tumor mutational burden (TMB),

microsatellite instability (MSI), and response to immunotherapy. A nomogram

prediction model was then constructed.

Results: In total, 2156 m7G-related gene pairs were screened based on

152 m7G-related genes. Then, a prognostic signature of seven gene pairs

was constructed, and the patients were stratified into high- or low-risk

groups. Better overall survival (OS), left-sided tumor, early stage, immune

activity, and low proportion of MSI-low and MSI-high were all associated

with a low risk score. High-risk patients had a higher TMB, and patients with

a high TMB had a poor OS. Furthermore, the risk score was linked to immune

checkpoint expression (including PD-L1), the tumor immune dysfunction and

exclusion (TIDE) score, and chemotherapy sensitivity. We also created an

accurate nomogram to increase the clinical applicability of the risk score.

Conclusion: We identified an m7G pair-based prognostic signature associated

with prognosis, immune landscape, immunotherapy, and chemotherapy in

CRC. These findings could help us to better understand the role of m7G in

CRC, as well as pave the path for novel methods to assess prognosis and design

more effective individualized therapeutic strategies.
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Introduction

Colorectal cancer (CRC) is the third most common tumor

and the second leading cause of cancer-related deaths worldwide,

with an estimated 1.8 million new cases and approximately

915,880 deaths worldwide in 2020 (Sung et al., 2021). With

increasing incidence and high mortality rates, CRC has become a

serious threat to human health (Siegel et al., 2021). Although

colonoscopy has provided a better screening method for

diagnosing early CRC, many people cannot accept this kind of

examination because of its price, psychological pressure, and

related risks (Kanth and Inadomi, 2021). Most patients were

diagnosed in the middle and late stages of the disease. Currently,

CRC can be treated with surgery, chemotherapy, radiotherapy,

and biotherapy. However, nearly 40% of CRC patients eventually

experience tumor relapse or late metastasis, with less than 15% of

patients surviving for more than 5 years (Basak et al., 2020).

Consequently, it is important to identify new biomarkers that

effectively determine the prognosis of CRC.

RNA methylation has been reported to be associated with

various physiological processes and diseases, and abnormal

methylation can lead to disease and cancer (Zhang et al.,

2021a; Song et al., 2021). To date, more than 170 distinct

RNA modifications have been identified (Frye et al., 2018).

RNA modification plays an important role in regulating gene

expression (Frye et al., 2018). Among these, RNA methylations

such as N1-methyladenosine (m1A), N6-methyladenosine

(m6A), 5-methylcytosine (m5C), and 7-methylguanosine

(m7G) have a variety of biological properties (Shi et al., 2019;

Shi et al., 2020; Zhang et al., 2021b; Wei and He, 2021). m6A is

the most abundant mRNAmodification in eukaryotic cells and is

regulated by effector proteins, writers, readers, and erasers (Shi

et al., 2019). m6A regulators have been reported to play crucial

roles in various biological functions in vivo (He et al., 2019; An

and Duan, 2022). m7G is the most prevalent modification in the

5’ cap of mRNA and is catalyzed by the Trm8/Trm82 complex in

yeast and by the METTL1 andWDR4 complexes in humans

under the action of methyltransferases (Alexandrov et al., 2002;

Luo et al., 2022). m7G can be found not only in mRNA caps but

also in several internal sites of mRNAs, tRNAs, and rRNAs

(Pandolfini et al., 2019; Dai et al., 2021; Ma et al., 2021). Growing

evidence suggests that m7G modification can regulate mRNA

transcription, nuclear processing, tRNA stability, miRNA

biological function, and maturation of 18S rRNA and plays a

vital role in oncogenic mRNA translation and cancer

development (Luo et al., 2022). The m7G regulators have

been shown to be prognostic factors in multiple cancer types.

METTL1 andWDR4 are upregulated in various types of cancers,

which are associated with poor prognosis in patients with cancers

such as esophageal squamous cell carcinoma (Han et al., 2022),

intrahepatic cholangiocarcinoma (Dai et al., 2021), and

nasopharyngeal carcinoma (Chen et al., 2022). Currently,

most studies have only focused on the role of a single m7G

regulator. However, tumorigenesis is determined by multiple

genes, and the prognostic role of multiple m7G regulators has not

yet been elucidated.

With the development of RNA sequencing and the

establishment and improvement of large tumor databases such

as The Cancer Genome Atlas (TCGA), it is possible to

systematically study the role of m7G regulators in CRC.

Therefore, we developed a novel prognostic signature based

on seven m7G-related gene pairs. We systematically and

comprehensively investigated the potential role of the model

in the clinical outcomes and tumor microenvironment (TME) of

CRC. Our results provide additional data on prognostic

biomarkers and therapeutic targets for CRC.

Materials and methods

Data source and preprocessing

We collected the original gene expression profiling data of

571 CRC and 44 adjacent normal tissues and the clinical

characteristics of CRC cohorts from the TCGA database

(https://portal.gdc.cancer.gov/). Patients without prognostic

data were excluded from this study. In addition, data related to

562 patients were obtained from the Gene Expression

Omnibus (ID: GSE29582; http://www.ncbi.nlm. nih.gov/

geo/) databases. The TCGA dataset (training set) was

employed to develop a prognostic signature, and the

GSE39582 dataset (validation set), which contained data on

403 CRC samples, was used to validate the predictive accuracy

of the signature. Additionally, data regarding 152 m7G

regulators were obtained from a previous study (Ming and

Wang, 2022).

Construction of m7G-related gene pairs

Pairwise comparisons of the overlapping m7G-related gene

expression profiles derived from the training and validation sets

were performed. Using the R software, we examined the data

relating to m7G-related gene A and m7G-related gene B in each

CRC sample to determine a score for each pair. The algorithm

presents a scoring system in which the score of the m7G-related

gene pair is 1 if the expression level of the first m7G-related gene

is higher than that of the second m7G-related gene; otherwise, it
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is 0, resulting in the construction of a 0-or-1 matrix. An

m7G-related gene pair was deemed invalid if its proportion

was <20% or >80% of the samples in either the training or

validation sets, respectively (Heinäniemi et al., 2013). Following

the screening, the remaining pairs were used for subsequent

investigations.

Establishment and validation of the
prognostic signature based on m7G-
related gene pairs

To discover the OS-related m7G-related gene pairs, a

univariate Cox regression analysis was conducted based on

the m7G-related gene pairs in the training set. A threshold of

p-value < 0.05 was set to screen the prognostic variables. LASSO

penalized Cox proportional hazards regression was used to

further minimize the risk of over-fitting based on m7G

prognostic gene pairs. Subsequently, multivariate Cox analysis

was used to select the candidate gene pairs required to establish a

prognostic signature. Finally, a signature, termed the risk score,

was constructed using seven m7G-related gene pairs and their

correlative coefficients acquired in the training set. The risk score

for each patient was calculated as follows:

Risk score= (gene pair A coefficient × expression level) +

(gene pair B coefficient × expression level) +. . .+ (gene pair n

coefficient × expression level). Furthermore, according to the

above formula, the risk scores of patients with CRC were

calculated separately, and the patients were stratified into

low- and high-risk groups based on the median risk score.

Kaplan–Meier survival curves were plotted to estimate the OS

differences between the two subgroups. A time-dependent

ROC (ROC) curve was plotted to assess the accuracy of the

signature.

The external cohort GSE39582 was used to verify the

m7G-related prognostic model. The risk score for each

patient was calculated using the same coefficients and

normalized expression microarray data for the m7G pairs.

The patients were stratified into low- and high-risk groups

based on the median risk score of the training set. Kaplan-

Meier and tdROC curves were plotted to evaluate the

prognostic value of the risk model.

The prognostic value of the risk score

The associations between the risk score and

clinicopathological traits (age, sex, tumor site, stage, and

tumor status) were compared. Univariate and multivariate

analyses were performed to evaluate whether the risk scores

were independent of the other clinical variables. Moreover, we

conducted a stratified analysis to determine whether the risk

score preserved its predictive capacity in the different subgroups.

Establishment and validation of a
nomogram scoring system

Based on the independent indicators, the R software

“regplot” package was used to develop a nomogram for OS

prediction at three and 5 years. Then, tdROC analysis for 3-

and 5-year OS was performed to evaluate the prognostic

accuracy, and the calibration curves were drawn to compare

nomogram-predicted probability with actual survival.

Immune-related analysis of colorectal
cancer patients using the prognostic
signature

The fraction of immune cells in the two risk subgroups was

assessed using the CIBERSORT algorithm. Differences between

the low- and high-risk groups were detected using the Wilcoxon

rank-sum test. We also used boxplots to evaluate the differences

in the levels of expression of immunological checkpoints between

the low- and high-score groups, which were retrieved from the

literature. Moreover, we calculated the tumor immune

dysfunction and exclusion (TIDE) score to predict the

response to immunotherapy in CRC patients (Jiang et al., 2018).

Tumor mutation burden and
microsatellite instability analyses

The “maftools” R package was employed to reveal the

mutation frequency in patients with CRC belonging to

different risk subgroups. Subsequently, we analyzed the

relationship between TMB and the risk scores. Using the

Kaplan–Meier method, the OS rates derived from data

pertaining to the CRC samples from the low- and high-TMB

groups were compared. Next, we evaluated the synergistic effect

of TMB and risk score on prognostic stratification. In addition,

the association between the risk scores and MSI was explored.

Potential drugs for patients with
colorectal cancer

We explored the sensitivity of chemotherapy based on the gene

expression levels using the “pRRophetic” R package (Geeleher et al.,

2014). The chemotherapeutic response was assessed based on the

half-maximal inhibitory concentration (IC50) of each sample.

Functional enrichment analysis

The differentially expressed genes (DEGs) were

screened using the “limma” package in the R software by
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setting criteria with |log2 (fold change, FC) |> 1 and

adjusted p-value < 0.05. Subsequently, the “Clusterfiler” R

package was employed to perform the Gene Ontology (GO)

and Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathways.

Statistical analysis

All analyses in this study were performed using the R

software (version 4.0.3). Statistical significance was set at

p < 0.05 unless otherwise stated.

FIGURE 1
Construction and validation of the prognostic model based on m7G-related gene pairs. (A) Plot indicating the optimal λ selection by 10 cross-
validated partial likelihood deviance of the LASSO-Cox regression. 10-fold cross-validated partial likelihood deviance was plotted against log(λ). (B)
Plot of estimated coefficients from the LASSO-Cox regression against log(λ). Finally, 22 non-zero m7G pairs were selected. (C) Constructing a
stepwise Cox proportional hazards model. (D,E) The distribution of each patient’s risk score ordered from low to high in training and validation
sets. Patients are divided into two risk score level groups. Scatter diagram of the OS-time against the patients’ rank of risk score in training and testing
sets. (F,G)Overall survival curves of different risk subgroups in the training and validation sets. (H,I) AUC curves to predict the sensitivity and specificity
of 3- and 5-year survival according to the risk score in training and validation sets.
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Results

Establishment and validation of the
prognostic signature based on m7G-
related gene pairs

The m7G-related genes in the TCGA and GEO datasets

were merged into an overlapping gene set, from which

135 m7G-related genes were shared in both sets. Pairwise

comparisons were conducted using the algorithm described in

the “Methods” section to calculate the risk score for each

m7G-related gene pair for subsequent analysis. As a result,

2,156 m7G-related gene pairs were identified. We conducted a

univariate Cox regression analysis on these pairs and selected

30 meaningful m7G pairs to generate the models

(Supplementary Figure S1). Next, LASSO Cox regression

analysis yielded 22 m7G pairs (Figures 1A,B), which were

subsequently used to perform multivariate Cox regression

analysis. Based on the Akaike information criterion value,

we obtained seven m7G pairs to construct risk models,

including the NCBP2.CCNB1, DXO. RPS6KB1, YTHDF2.

XPO1, PIK3CA.NUDT7, MYC. EIF2S3, NUDT4. ATF5,

and PML. IFIT5 gene pairs (Figure 1C). The correlation

coefficients are listed in Table 1. A risk score in the

training set was assigned to each patient based on the

expression levels of the seven m7G pairs multiplied by the

regression coefficients obtained from multivariate Cox

regression analysis.

Risk score= (0.873933 × NCBP2.CCNB1 exp) + (0.974044 ×

DXO. RPS6KB1 exp) + (−1.08373 × YTHDF2. XPO1 exp) +

(0.712567 × PIK3CA.NUDT7 exp) + (−0.60472 × MYC.

EIF2S3 exp) + (−1.14792 × NUDT4. ATF5 exp) +

(0.632646 × PML. IFIT5 exp).

We calculated the risk scores of each sample in the

training set and classified the patients into two subgroups

(low- and high-risk). In both the training and validation sets,

the risk distribution plot demonstrated that survival times

increased with the risk score (Figures 1D,E). The Kaplan-

Meier curve indicated that low-risk patients had a more

favorable survival time than high-risk patients in both the

training and validation sets (Figures 1F,G). The AUC values

for three and 5 years in the training set were 0.782 and 0.774,

and the AUC values for three and 5 years in the validation set

were 0.736 and 0.734 (Figures 1H,I).

Clinical correlation analysis and
stratification analysis of the risk score

The relationship between risk score and clinicopathological

factors was explored. We found that patients with right-sided

CRC and advanced stage (stage III-IV) were associated with

high-risk scores, whereas sex and tumor status showed no

correlation with risk scores (Figures 2A,B). Further survival

analysis revealed that the risk scores could accurately predict

the prognosis of patients with all the stratified clinicopathological

variants (all p < 0.05, Figures 2C–L). Furthermore, we

incorporated the risk scores into the corresponding clinical

characteristics. Our results from univariate and multivariable

Cox regression analyses showed a strong correlation between the

risk scores and the prognosis in patients with CRC

(Figures 2M,N).

Generation and validation of a nomogram
scoring system

To generate personalized predictions for patients with CRC,

we integrated the m7G score and clinicopathological parameters

(age, tumor site, and stage) to establish a nomogram scoring

system (Figure 3A). The predictive accuracy of the nomogram

was assessed using receiver operating characteristics and

calibration curves. Figure 3B shows that the 3- and 5-year

AUC values of the nomogram were 0.845 and 0.831,

respectively. The AUC values of the nomogram at years 3 and

5 were all greater than the AUC values for the TNM stage

(Figures 3C,D). Lastly, results from the calibration curve

analyses showed that the calibration curve of prognostication

was close to the standard curve at the 3- and 5-year follow-ups,

which again confirmed the inference above (Figure 3E).

TABLE 1 Multivariate Cox regression analysis of 11 m7G pairs associated with overall survival in patients with CRC.

id Coef HR HR.95L HR.95H p-value

NCBP2.CCNB1 0.873933 2.396317 1.543864 3.719457 <0.001
DXO.RPS6KB1 0.974044 2.648634 1.439655 4.872875 0.001

YTHDF2.XPO1 −1.08373 0.338332 0.217453 0.526404 <0.001
PIK3CA.NUDT7 0.712567 2.039219 1.322867 3.143484 0.001

MYC.EIF2S3 −0.60472 0.546229 0.358296 0.832738 0.004

NUDT4.ATF5 −1.14792 0.317297 0.162668 0.618914 <0.001
PML.IFIT5 0.632646 1.882586 1.178223 3.008028 0.008
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FIGURE 2
Clinical correlation analysis and stratification analysis of the risk score. (A,B) The relationship between the risk score and tumor site and TNM
stage. (C–L) The Kaplan-Meier survival curves were stratified by different clinicopathological variants, including age, sex, tumor site, TNM stage, and
tumor status. (M) The clinicopathological traits and risk score were analyzed by univariate Cox regressionwith theOS. (N)Multivariate Cox regression
analysis revealing clinicopathological traits and risk scores related to OS.
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FIGURE 3
Generation and validation of a nomogram scoring system. (A) A nomogram for both clinicopathological traits and risk score to predict 3-year
and 5-year OS. (B) The 3- and 5-year AUC values to evaluate the performance of the nomogram. (C,D) Comparison of the AUCs of the nomogram
and TNM staging system at 3 and 5 years. (E) Calibration curve of the nomogram for predicting 3- and 5-year OS.
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Evaluation of tumor microenvironment
and immunotherapy response

Based on the CIBERSORT algorithm, we noticed a decreased

number of activated CD8 + T cells, M1 macrophages, and dendritic

cells, as well as resting dendritic cells, and an increased number of

M2 macrophages in the high-risk subgroup (Figure 4A). The

expression levels of immune checkpoint-related genes in the low-

and high-risk subgroups were investigated.We observed that PD-L1

(CD274), CD160, CD276, NRP1, HHLA2, ADORA2A, and

VTCN1 levels were increased in the high-risk subgroup

(Figure 4B). Moreover, the TIDE algorithm was employed to

predict the patient’s response to immunotherapy. As illustrated

in Figure 4C, higher TIDE scores were observed in the high-risk

group than in the low-risk group, indicating that the patients were

more prone to immune escape (Figure 4C). Taken together, the risk

score may serve as a potential biomarker for predicting the response

of patients with CRC to immunotherapy.

Relationship between risk score and
tumor mutational burden and
microsatellite instability in colorectal
cancer

As illustrated in the waterfall charts, the mutated genes in the

different risk groups were mainly APC, PIK3CA, SYNE1, KRAS,

TTN, TP53, and MUC16, but the mutation rates of these genes

were different in the high- and low-risk subgroups (Figures

5A,B). TMB was higher in the high-risk subgroup (p = 0.004;

Figure 5C), indicating that high-risk patients benefited more

from immunotherapy. The Kaplan-Meier survival curve showed

that the OS rate was higher in the low TMB group (p = 0.019;

Figure 5D). A combined analysis of TMB and risk score

demonstrated that the risk score was a prognostic factor

independent of TMB (p < 0.001; Figure 5E). Moreover, higher

proportions of MSI-H and MSI-L were observed in the high-risk

group than in the low-risk group (Figure 5F).

FIGURE 4
Evaluation of TME and immunotherapy response in different subgroups. (A) Comparison of 22 immune cells between low- and high-risk
groups. Median values and IQR for each cell subset were calculated for each patient group and compared between the two groups using the
Wilcoxon rank sum test. (B) Expression of common immune checkpoints in high- and low-risk groups. (C) The difference of stromal score, immune
score, and ESTIMATE score between high- and low-risk groups. *p < 0.05, **p < 0.01, ***p < 0.001.
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Exploration of chemotherapy sensitivity

To select potential drugs for patients with CRC, we

investigated the correlation between risk scores and drug

sensitivity using the “pRRophetic” R package. The IC50 values

of doxorubicin, imatinib, JNK Inhibitor VIII, nilotinib,

pazopanib, and thapsigargin in the high-risk subgroup were

lower, whereas sorafenib and metformin had lower

IC50 values in the low-risk subgroup (Figures 6A–H). Taken

together, the patients with CRC and high risk scores were more

sensitive to doxorubicin, imatinib, JNK inhibitor VIII, nilotinib,

pazopanib, and thapsigargin than low risk patients. In contrast,

the patients with CRC and low risk scores were more sensitive to

sorafenib and metformin.

GO and KEGG pathway analysis

We performed functional enrichment analyses to investigate

the latent biological processes that affect risk scores. Based on the

criteria of FC > 1.5 and adjusted p-value < 0.05, we screened

262 DEGs in the different risk groups. GO terms indicated

enrichment in the collagen-containing extracellular matrix,

extracellular matrix structural constituents, and external

encapsulating structure organization (Figure 6I). Furthermore,

the results of the KEGG pathway analysis, as shown in Figure 6J,

suggest that these DEGs were enriched in ECM-receptor

interactions, protein digestion, absorption, complement and

coagulation cascades, and focal adhesion.

Discussion

CRC is a highly heterogeneous disease, and the difference in

heterogeneity provides a complex landscape for the prognosis of

patients and their response to immunotherapy. The traditional

prognostic evaluation system based on TNM staging has not

been able to meet the requirements of precision medicine.

Exploring the molecular mechanisms underlying CRC

pathogenesis may provide key clues for identifying promising

FIGURE 5
Correlations of risk score with TMB and MSI in CRC. (A,B) The mutation rate and types of top 15 genes in low- and high-risk groups. (C) The
difference in TMB between high- and low-risk group. (D) Kaplan-Meier curve to show survival of patients in different TMB groups. (E) Kaplan-Meier
survival curves to show the survival of patients in different risk scores and TMB groups. (F) Differences in the proportion of different microsatellite
statuses between two risk groups.
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prognostic biomarkers or developing effective therapeutic

targets. A growing number of studies have established that

post-transcriptional RNA modifications play a significant role

in modulating gene expression, as well as carcinogenesis and

development, among which the most common modifications are

m6a, m5c, m1a, and m7G (Barbieri and Kouzarides, 2020;

Haruehanroengra et al., 2020). Accumulating evidence

suggests that m7G modifications actively participate in

biological and pathological processes by affecting the

metabolism of various RNA molecules. Aberrant m7G levels

facilitate tumorigenesis and its progression by regulating

multiple oncogenes and tumor suppressor genes (Luo et al.,

2022). However, to the best of our knowledge, few studies

have examined the role of m7G regulators and m7G pair-

based signatures in CRC as prognostic biomarkers and

therapeutic targets. Therefore, the construction of an m7G

pair-based signature can not only predict the survival rate of

patients but also provide deeper insights into the m7G-mediated

immune response and chemoresistance, which will provide novel

ideas andmethods for determining the pathogenesis and effective

treatment modalities for CRC.

In the present study, we developed a novel prognostic

signature based on seven m7G gene pairs in patients with

CRC using previously identified m7G-related genes with

FIGURE 6
Chemotherapy sensitivity and functional enrichment analyses. (A–H) Boxplots of the IC50 values of the Imatinib, Doxorubicin, JNK Inhibitor VIII,
Nilotinib, Pazopanib, Thapsigargin, Sorafenib, and Metformin between different risk subgroups. (I) Top enriched gene pathways/functions using GO
terms of biological process, cellular component, and molecular function. (J) KEGG pathway analysis of DEGs between two risk groups. The bigger
bubble represents more genes enriched, and the redder color means more obvious differences.
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either higher or lower expression levels. Several m7G-related

genes have been reported to be associated with CRC and other

cancers. MYC is a master transcription regulator and is one of the

most common oncoproteins associated with increased mortality

(Castell and Larsson, 2015). MYC activates or represses the

transcription of numerous genes involved in cellular processes

(Meyer and Penn, 2008). MYC dysregulation occurs in most

cancers and is often associated with aggressive disease, treatment

resistance, and poor prognosis (Castell and Larsson, 2015).

Schmidt et al. (Schmidt et al., 2019) revealed that the MYC-

GCN2-eIF2α negative feedback loop restricts protein synthesis to
prevent MYC-dependent apoptosis in CRC (Schmidt et al.,

2019). Wu et al. (2021) indicated that MYC could bind to the

promoter of the MNX1-AS1 locus and activate its transcription,

further promoting CRC progression by stabilizing YB1. XPO1 is

a nuclear export protein involved in cancer progression and

therapy. Aladhraei et al. (2019) observed that XPO1 expression

was elevated in CRC and that XPO1 overexpression was

significantly associated with moderately/poorly differentiated

tumors and advanced tumor stages. In vitro experiments

showed that KPT-330, an XPO1 inhibitor, inhibited cancer

growth in a dose- and time-dependent manner. Similarly,

XPO1 inhibition has been shown to enhance therapeutic

response in CRC (Ferreiro-Neira et al., 2016; Inoue et al.,

2021). PIK3CA, the gene encoding the alpha catalytic subunit

of PI3K, is dysregulated in multiple cancers (Voutsadakis, 2021).

It is one of the most frequently mutated oncogenes in CRC. Its

mutations are associated with higher gene mutation rates in other

important cancer-related pathways, such as the Wnt/β-catenin
and tyrosine kinase receptor/K-Ras/BRAF/MAPK pathways

(Voutsadakis, 2021). Additionally, PIK3CA mutations have

been reported to be associated with clinicopathological

characteristics and prognosis (Mei et al., 2016; Jin et al., 2020).

Infiltrating immune cells are the primary cells in tumor tissues

and play vital roles in tumor biology (Hinshaw and Shevde, 2019;

Mao et al., 2021). This study investigated the immune status of

different risk score groups. The infiltration of immune cells, such

as activated CD8+ T cell M1 macrophages, activated dendritic cells

activated, and resting dendritic cells, in the low-risk group was

obviously lower than that of the high-risk subgroup, while the

infiltration level of M2macrophages was increased in the high-risk

score group. CD8+ T cell infiltration levels are usually associated

with favorable clinical outcomes in most solid tumors (van der

Leun et al., 2020). The low-risk group was characterized by

immune-mediated inflammatory activity, whereas the high-risk

group was characterized by immunosuppression. Based on these

findings, the worse survival outcomes in high-risk patients may

have been caused by the decreased levels of antitumor immunity.

Immunotherapy has provided a new perspective on tumor

treatment (Riley et al., 2019; Zhang and Zhang, 2020). We

assessed the response to immunotherapy in the high- and low-

risk groups using the TIDE algorithm (Jiang et al., 2018), and the

results showed that the high-risk group had higher TIDE scores,

suggesting a poorer patient response to immunotherapy.

Furthermore, we also evaluated the expression of immune

checkpoint-related genes and found that PD-L1 (CD274),

CD160, CD276, NRP1, HHLA2, ADORA2A, and

VTCN1 expression increased in the high-risk score group

compared to the low-risk score group, which means that these

patients can benefit from ICIs. TMB is a complementary

independent biomarker that can predict the efficacy of ICIs

(Xiao et al., 2021). In this study, we found that the high-risk

group had higher TMB andworseOS.Moreover, the risk score was

found to be a prognostic factor independent of TMB.MSI has been

used to classify different CRC subtypes (Chen et al., 2018). It is now

well-established that patients withMSI-H tend to bemore sensitive

to ICIs (Lizardo et al., 2020). We found that high-risk scores were

associated with MSI-H status in patients with CRC. Research on

the sensitivity to chemotherapeutic drugs has always been a hot

topic for scientists. We observed that high-risk patients were more

sensitive to doxorubicin, imatinib, nilotinib, pazopanib, and

thapsigargin, whereas low-risk patients were more sensitive to

sorafenib and metformin. Taken together, the m7G pair signature

holds promise for predicting the response to immunotherapy and

targeted therapy, and it also provides new ideas for the selection of

appropriate chemotherapeutic drugs.

Nevertheless, this study has some limitations. First, the

signature was conducted based on public databases, which

may have been influenced by inherent case selection bias.

Second, clinical tissues and CRC cell lines should be employed

to validate the expression levels of signature genes, and further

investigation and experiments are needed to explore the detailed

regulatory effects of m7G-related genes in CRC.

We established a novel m7G pair-based risk signature

based on seven m7G-related pairs in CRC. The risk score is

closely related to the clinical features and prognosis of

patients. The nomogram can serve as a counseling and

clinical decision aid for clinicians. Tumor

microenvironment analysis established a theoretical

framework for future research on the connection between

immunity and m7G-related genes in CRC.
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